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Abstract 
Postural learning during Practice of a Sequential Reaching Task 
Anne K. Galgon 
Patricia A. Shewokis, PhD 
 
 
 
This research used a motor learning paradigm to examine postural control during practice of a 
sequential reaching task. Fourteen young healthy adults practiced a sequential (serial) reaching task 300 
times over three sessions and returned after a two-day rest interval for retention and transfer testing. 
Postural control was examined at three levels of skill acquisition: the action, the movement and the 
neuromotor processing levels. The levels were measured as 1) relative postural stability (action-goal level) 
with Time to Boundary (TtB) from center of pressure data, 2) postural movement strategies with Mean 
Absolute Relative Phase (MARP) and Deviation Phase (DP) of joint kinematic relationships, and 3) 
postural neuromotor strategies with percent of time activation in posterior postural muscles  (%BFMG 
activation). The focal action-goal of the task (hand accuracy and consistency) was also examined to detect 
differences in explicit versus implicit learning processes. The results showed within and between session 
differences in hand accuracy and consistency, anterior TtB, and % BFMG activation. Both explicit and 
implicit learning processes were implicated while acquiring the focal action-goal and more gradual implicit 
learning processes were used when acquiring the postural action-goal and neuromotor processing level of 
postural control skill. After the retention interval, hand consistency, relative postural stability and percent 
of posterior muscle activation was maintained in two recall conditions. However, hand accuracy was 
retained only in the cued recall condition and not in the free recall condition. Hand accuracy, hand 
consistency and relative postural stability generalized to two transfer tasks where an alternative arm 
configuration of the practiced task was performed, however, transfer performance partially degraded in a 
generalizability test with a novel sequence. Percent of muscle activation was similar in all of the transfer 
tasks. No significant effects were found for postural movement strategies across practice, which limited the 
interpretation of the retention and transfer results. This research supports the concept that the postural 
system is learning to adjust to task specific constraints within the serial reaching task. The findings may 
have implications for understanding postural learning in individuals with balance deficits and for designing 
interventions to improve postural control during the performance of functional activities. 
1 
Chapter 1: Research Proposal 
 
 
 
 
Abstract 
 
 
The postural system appears to modulate to task specific constraints in order to support the 
accuracy of the task and prevent loss of balance. Little is known on how task specific postural control is 
acquired during learning of functional reaching movements. The proposed research will use a motor 
learning paradigm to examine postural control during practice of a sequential reaching task. As participants 
practice a sequential reaching task, postural control will be examined at three levels of skill acquisition: the 
action level, the movement level and the neuromotor processing level. The levels will be measured as 
1) postural stability (action level) with Time to Boundary (TtB) from center of pressure, 2) postural 
movement strategies with Mean Absolute Relative Phase (MARP) of joint kinematic relationships, and 
3) postural neuromotor strategies with electromyographic muscle activation patterns of agonist/antagonist 
pairs in the trunk and lower limbs. When modeled as a double-linked inverted pendulum, the postural 
system is assumed to “learn” to control the available degrees of freedom in order to predict upcoming arm 
movement perturbations, modeled as an additional rigid arm segment attached to the postural segments at 
the shoulder. Across the acquisition period it is expected that postural stability will show gradual 
improvements, however, postural movement and neuromotor strategies will show transitional periods for 
strategy solution attainment. Improvements in postural control are expected to be retained after a retention 
interval and within transfer tasks to demonstrate memory and generalization of postural control. The 
findings will potentially set a foundation for examining postural learning in individuals with balance 
deficits. The long term goal is to provide rehabilitation therapists with valuable information on how to 
structure practice to improve their patient‟s postural control during functional movements.  
2 
Specific Aims 
 
Understanding how individuals with balance deficits can improve postural control and their 
overall functional level is essential for developing rehabilitation interventions. Goals of postural control 
during voluntary movement include maintaining stability and orientation of posture to the goal of the 
functional movements. Postural control strategies to prevent loss of stability due to perturbations caused by 
discrete volitional limb movements are shown to be linked to the demands of reaching tasks. Patterns and 
timing of postural muscle activation, center of pressure (COP), center of mass (COM) and joint angular 
movements are dependent on constraints of the task and postural demands such as speed, load, target 
distance, target size and postural configuration. Despite the current research emphasis on postural and arm 
movements during reaching, it is unclear whether these two components of movement are under the control 
of a single or separate central nervous system commands. In addition, how the postural control system 
learns to interact with limb movements in order to successfully complete goal directed activities has not 
been well studied. Examining changes in postural control during the learning of a focal upper extremity 
task is a method to determine if single or separate control command processes underlie the control of 
posture during arm movements. Limited knowledge in how postural movements change during learning of 
skilled movements deters the advancement of theories on postural control and rehabilitation interventions 
that will promote improved function in individuals with balance deficits. Specifically, there is limited 
knowledge on when and how to structure practice experiences during early and late learning of functional 
tasks that require standing balance.  
 The long-term outcome of this research is to understand how postural control strategies change 
with the practice of novel tasks to support the development of interventions designed to improve balance 
during the performance of functional activities. The objective of this study is to examine changes in 
patterns of postural control as a result of learning a sequential reaching task while standing. The central 
hypothesis is that postural control is mediated by a separate control system than the arm control 
mechanisms, and that the central nervous system must learn to control postural segments to attain stability 
during arm motions. This perspective is consistent with Bernstein‟s theory of motor skill acquisition 
(Bernstein, 1967), such that there will be a freezing of degrees of postural segments and a high association 
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of postural control and focal arm characteristics during early learning, and a releasing of degrees of 
freedom and dissociation of postural and arm movement characteristics during late learning. The rationale 
for this proposal is that improved understanding the nature of the changes in postural control strategy 
across the skill acquisition period will give insight into how the central nervous system controls balance 
during functional activities. Knowledge of how postural control strategies change with the learning of 
functional upper extremity movements provides a foundation for future work studying learning of postural 
control strategies in individuals with balance deficits. Such work would support the development of new 
models for designing practice protocols and schedules for improving postural control in rehabilitation.  
Specific Aims  
1. Determine the changes in postural control strategies from early to late learning of a 
sequential reaching task. The hypothesis is that there will be a change in the control of degrees 
of freedom in the postural system and a change in the relationship between the focal and postural 
movements from early to late learning. These changes will be evidenced as: 
a. Postural stability, Time to Boundary (TtB), will be smaller and more variable in early and 
larger and less variable in late learning. 
b. Postural muscles activations, electromyography (EMG) activation patterns, will show 
increased amplitudes and co-contraction of antagonist EMG bursts during early learning 
and decrease amplitudes and reciprocal activation of antagonist EMG bursts in later 
learning. 
c. Postural coordination, relative phase between shoulder-hip and hip-ankle angular 
movement, will show greater in-phase pattern during early practice and greater anti-phase 
pattern during later practice. 
2. Determine the nature of the transition of postural strategy during skill acquisition. The 
hypotheses are:  
a. Focal task accuracy (spatio-temporal amplitudes of the arm sequence ) and postural 
stability (TtB), will gradually improve throughout the acquisition period,  
b. Postural stability accuracy will stabilize after focal task accuracy has been attained, and  
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c. There will be a threshold effect when the postural strategy (e.g., muscle activation and 
postural coordination patterns) transitions from an early to late pattern of movement, such 
that there would be a critical period during practice where the postural muscle activation 
and coordination will switch from the initial to learned patterns.  
3. Determine the effect of practice on postural control memory and generalizability during the 
learning of an upper extremity task and a similar task.  The hypothesis is that the accuracy of 
postural stability and learned postural motor and movement strategies will be maintained when 
tested after a 48-hour retention interval and during transfer tasks. 
 
The approach proposed in this study is unique because postural control has not been examined 
using a learning paradigm where memory (i.e., retention) and generalizability (i.e., transfer) of learned 
postural performance has been measured. This application will demonstrate how postural control is learned 
by showing the changes in postural stability and coordination patterns, which result from practicing an 
upper extremity task. The results will have an impact on the understanding of postural control mechanisms 
during voluntary goal directed activities and will lay the foundation for studying learning of postural 
control in individuals with balance deficits. Ultimately, understanding learning within the postural system 
will impact the implementation of rehabilitation intervention to individuals who are learning functional 
activities that require standing balance control. I am well prepared to apply a motor learning research 
paradigm to the study of postural control that is proposed in this study. I bring to this research a strong 
clinical background in working with individuals with balance deficits and extensive training, through 
formal coursework and internships, in motor control and learning, and measurement and analysis of 
postural control in preliminary pilot work. 
5 
Background and Significance 
Significance 
If rehabilitation therapists are to appropriately structure practice experiences to promote optimal 
balance control, they require knowledge on how postural performance changes with practice of functional 
movements. The postural system is proposed to be versatile and adaptable so that it can interact with 
moving extremities during skillful movements. Specifically, the behavior of the postural system appears to 
change when exposed to constraints within tasks (De Wolf, Slijper, & Latash, 1998; Benvenuti, Stanhope, 
Thomas, Panzer, & Hallett, 1997), environments (Cordo & Nashner, 1982; Kaminski & Simpkins, 2001), 
and individuals (Woollacott & Manchester 1993; Hay & Redon, 2001) during arm movements. However, 
most research has primarily reported anticipatory postural changes that occur prior to discrete arm 
movements. There is some evidence that the postural system is able to modulate its behavior to specific 
tasks with practice. For example, a reduction of postural responses has been shown when individuals are 
exposed to repeated surface perturbations (Horak, Diener, & Nashner, 1989; Sveistrup & Woollacott, 
1997); to sinusoidal surface translations (Ko, Challis, & Newell, 2003) and when learning to pull a load 
(Patten, Lee, & Pai, 2000). Individuals with balance deficits have shown improvements in balance 
measures after training (e.g., Judge, Lindsey, Underwood, & Winsemius, 1993). Most of the past research 
has focused on balance control to externally driven perturbations or balance control in static standing, 
where the primary goal of the task is maintaining balance. Little is known about how the postural system 
learns to interact with the upper extremity displacement during the execution of reaching movements. 
Therefore, the purpose of this research is to examine the control of the postural system as it interacts with 
arm movements during the learning of a sequential reaching task.  
Background 
Model for postural strategies in an upper extremity tasks 
This study will examine postural control changes as a person learns to perform a sequential 
reaching task. The participants will perform the task in a standing position without moving their feet. The 
primary motion of the arm movements and the resulting perturbation on the postural system will be in the 
anterior-posterior direction. Therefore, the expected behavior of the postural system will be modeled as a 
double-linkage inverted pendulum with movement around the ankle and the hip (Horak, & Nashner, 1986; 
6 
Kuo & Zajac, 1993).  In addition, the bilateral upper extremities will be represented as a single segment 
adding a third joint at the shoulder. In this model, the focal segment is assumed to be moving on top of the 
postural segments, with the movement of the upper extremity segment creating rotational moments around 
the hip and ankle that must be controlled to prevent the center of mass from moving outside the base of 
support and prevent collapse of the postural multi-linkage system (Patla, Ishac, & Winter, 2002). As the 
participants learn the task, the postural system is expected to anticipate the dynamic force interactions 
associated with the arm movements and produce a movement strategy that will be efficient in maintaining 
postural stability while supporting accurate arm movements. 
Several investigators have modeled the postural control system as a double linkage inverted 
pendulum moving in the sagittal plane during reaction to external perturbations (Horak & Nashner, 1986; 
Kuo & Zajec, 1993; Nashner & McCullum, 1985), and during “supra-postural” activities (Bardy, 2005; 
Riccio, 1993). Nashner and colleagues have described stable patterns of hip and ankle strategies associated 
with surface perturbation (Horak & Nashner, 1986; Nashner & McCullum, 1985). They have proposed that 
neuromuscular control selects a small number of postural strategies (i.e., ankle strategies, hip strategies, or 
mixed strategies), in order to maintain COM within the base of support. Under different constraints of the 
perturbation task, postural strategies were defined by coordination patterns of the hip and ankle movements 
and the associated muscle activation patterns.  
Buchanan and Horak (1999) found two stable sagittal plane coordination patterns of postural 
behavior (i.e., ride or fixed head and trunk patterns) during an anterior-posterior surface translation task. In 
a similar experiment, four stable patterns of postural coordination were reported by Ko, Challis and Newell 
(2001). During sinusoidal surface translation tasks, postural coordination patterns were dependent on 
frequency of surface translations (Buchanan & Horak, 1999, 2001; Ko, Challis, & Newell, 2001); and the 
availability of visual information (Buchanan & Horak, 1999). When the frequency of the surface 
translations was systematically increased or decreased, Buchanan and Horak (2001) reported a gradual 
recruitment or suppression of the degrees of freedom in postural coordination patterns between frequencies 
of 0.5 and 0.6 Hz. Postural patterns were stable above and below these frequencies. Reduced degree of 
freedom patterns (number of joints moving) were utilized at low frequency translations and increased 
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degree of freedom patterns were utilized at high frequency translations (Buchanan & Horak, 1999; 2001; 
Ko et al, 2001). 
Bardy and colleagues have found stable modes of coordination of sagittal plane hip and ankle 
motion during a visual target tracking task (Bardy, 2005; Bardy, Marin, Stoffregen, Bootsma, 1999; Bardy, 
Oullier, Bootsma, & Stoffregen, 2002). The hip and ankle move in relation to each other in either in-phase 
(~ 20 degrees of relative phase) or anti-phase (180 degrees of relative phase) modes. The postural 
coordination modes were found to be emergent and related to interacting biomechanical constraints (e.g., 
height of COM and length of base support) and the amplitude of the moving visual target (Bardy et al, 
1999). When the frequency of the visual tracking task was systematically increased or decreased a dynamic 
transition between the two postural coordination modes occurred between 0.5 to 0.8 Hz. The transition or 
switching period was abrupt and accompanied by increased standard deviations of the relative phase 
between the hip and ankle motions (Bardy et al, 2002).  
Postural strategies or postural coordination modes may be examples of movement topology as 
described by Bernstein (1967), in that they are relatively stable patterns of coordination that emerge due to 
the interaction of the individual‟s morphology and the demands of the task and regulatory features of the 
environment (Gentile, 2000; Newell, 1996; Riccio, 1993). These stable patterns assist in solving the 
problem of multiple degrees of freedom in a multi-segment system. During the practice of a sequential 
upper extremity task while standing, it is expected that stable postural strategies or coordination modes will 
also emerge. These postural strategies or coordination modes will be represented as the relationship 
between sagittal hip and ankle movements and muscle activation patterns. The emergence of stable 
strategies is assumed to reflect the change in the postural system as subjects learn the task demands of the 
arm movement sequence.  One specific aim of this study is to determine the nature of the emergence of 
stable postural strategies (i.e., gradual or abrupt transitions) to provide insight as to how the postural system 
learns to account for the dynamic force interactions of the moving extremities. 
Learning and postural strategies 
 Gentile (2000) described how functional behaviors during skill acquisition may be analyzed on 
three levels: the action level, the movement level and the neuromotor processing level. The action level is 
represented in the observable outcome to be learned or the goal of the action, with skill defined as the 
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consistent attainment of the “action-goal” (Gentile, 2000). At the movement level there may be many 
movement patterns available to an individual that would allow for the attainment of the action-goal. This 
wide repertoire of movement pattern responses is referred to as “movement equivalence.” The multiple 
neuromotor processes available that could be activated by the central nervous system (CNS), which would 
produce any movement pattern is considered “motor equivalence” by Gentile (2000). Previously, motor 
equivalence had been defined as the variable means used to accomplish an invariant end or goal of a 
movement (Wisendanger, 1998), referring to Bernstein‟s 1967 interpretation), or as a set of stable 
movement solutions used to accomplish the same action goal given the task demands (Newell, 1996). 
Gentile‟s definition of movement equivalence is closer to the previous definitions of motor equivalence. 
For the purposes of this study, Gentile‟s definitions of motor and movement equivalence have been adopted 
because it will allow for the interpretation of the dependent variables within the context of three levels of 
skill acquisition. 
 In the proposed study, the subject‟s focal “action-goal” is the accurate matching of arm 
movements to targets presented in a prescribed sequence. In addition, an underlying action-goal of the 
postural system will be to maintain stability. It is expected that there will be several arm movement patterns 
as well as postural movement patterns that may support the attainment of these action-goals. There is a 
large array of postural configurations that the hip and ankle may assume and still maintain stability during 
quiet standing (Bardy et al, 1999). Goal directed functional arm movements on top of standing may limit 
the number of postural configurations available that will allow stability and support the functional 
movements (Riccio, 1993). Any variation seen in postural coordination modes while performing the task is 
assumed to be examples of postural movement equivalence. The patterns and amplitudes of muscle 
activation of agonist and antagonist around the postural segments describes the postural control at the 
neuromotor processing level and its variability will be assumed to represent postural motor equivalence. It 
is expected that there will be a decrease in the variability of movement and motor equivalences displayed 
by subjects across the practice period as subjects learn how to control postural segments in order to 
maintain stability efficiently. These two levels of analysis will be measured as changes in postural 
coordination modes and muscle activation patterns. From a dynamical systems perspective unstable 
patterns with high variability may reflect exploration of postural solutions in new learning and transitions to 
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stable patterns with low variability may determine that the system has found the coordination solution 
(Schoner & Kelso, 1998). At the action level, attainment of the action-goal will be measured as temporal 
and spatial accuracy of the focal arm sequence task. In addition, the action-goal (stability) of the postural 
system will be examined through the spatio-temporal relationship of the center of pressure to the base of 
support (i.e. Time to boundary).  
Two parallel learning processes, “explicit” and “implicit” learning (Gentile, 1998, 2000) are 
expected during the practice of a sequential arm movement task. Explicit learning is defined as the mapping 
of an individual‟s morphology to the environmental demands of the action goal. Explicit learning involves 
conscious shaping of movement to the regulatory features in the environment to improve the accuracy of 
the action-goal (Gentile, 1998). Willingham (1998) proposed that conscious motor control and motor 
learning subsystems of the central nervous system are responsible for identifying the action-goal (lateral 
frontal lobe), the perception of the initial conditions of the task (parietal lobe) and the selection of the initial 
motor plan (pre motor cortex) for spatial goal-oriented tasks. Improvements in motor performance 
associated with explicit learning are considered to occur early in practice. Implicit learning relates to 
refinement of the dynamics of the movement to improve efficiency. Through the implicit learning process, 
individuals learn to appropriately utilize active and passive mechanisms to control force interactions 
between the individual and the environment (Gentile, 1998; 2000). Implicit processes are assumed to be 
under different and parallel neuromotor control mechanisms than explicit processes during practice. Central 
nervous system subsystems that are proposed to participate in implicit learning processes include the 
frontal lobe, basal ganglia, cerebellum, and spinal cord motor loops (Willingham, 1998). Controlling 
movement dynamics may be a complicated process requiring prediction of the interaction between internal 
and external forces, perceiving position and the orientation of the limbs and body, and the selection of 
internal feed-forward motor strategies. Gains in control of dynamics require extended learning, therefore 
improvements in performance associated with implicit learning are considered to occur in the later stages of 
practice. In the proposed study, changes in movement behavior are expected to be associated with both 
implicit and explicit processes. The accuracy of matching arm movements to the environmental demands of 
the tasks are assumed to be under predominately explicit learning processes. Consequently, it is expected 
that large improvements in the accuracy of the arm movement task will be observed earlier in practice, as 
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participants learn the sequence and timing requirement needed to attain the action-goal, which are regulated 
by environmental cues or targets. Changes in postural coordination, muscle activation patterns, and postural 
stability are most likely under implicit learning processes. Therefore, coordination and muscle activation 
changes will emerge later in the practice sessions as the participants learn to predict and regulate the force 
interaction associated with the gravitational and ground reaction forces, joint interactions with the postural 
links and perturbation forces associated with the arm movements.  
Postural control as a subsystem of skilled movement 
Postural control may be a basic motor skill, because it meets many of the criteria of a motor skill. 
A motor skill is a goal-directed movement that can be modified by practice or experience (Schmidt & Lee, 
2005) and changes over the life span (Clark, 1995). Maintaining equilibrium during standing or moving 
may be considered a dynamically difficult goal-directed task of “not falling down” (Horak, Henry, & 
Shumway-Cook, 1997). The proposed research paradigm examining the postural system within the context 
of learning of an upper extremity task provides the opportunity to gain insight into the duality of the control 
processes between focal and postural movements. In this study the postural system must attain two action-
goals: 1) efficiently maintaining postural stability or center of gravity within the base of support, and 2) 
supporting the accuracy of the focal arm movement. Additionally, a skilled motor behavior is considered to 
be produced as a solution to control the available degrees of freedom (i.e., constraints) in an individual as 
they interact with the constraints of the environment and the constraints of the task (Newell, 1996). An 
assumption of this study is that the behavior of the postural system will result from the interaction of 
individual, environmental and task constraints and it will change with practice as the central nervous 
system learns how to regulate the force interactions between the postural system and arm movements. 
Therefore, the regulation of posture within the task is considered an acquired skill. The examination of the 
emergence of the specific postural behavior to support the sequential reaching task is the primary purpose 
of this investigation. 
Although postural control is a relatively intrinsic process, early postural control studies have 
suggested that the postural system modulates its behavior to the constraints of the tasks (Cordo & Nashner, 
1982), and to repeated exposures to postural control tasks (Horak & Nashner, 1986). Specifically, during 
reaching tasks, there is a wealth of evidence to suggest that postural control adjusts to constraints of the 
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task (e.g., De Wolf, Slijper, & Latash, 1998; Zattara & Bouisset, 1988), the environment (e.g., Kaminski & 
Simpkins, 2001; Tyler & Karst, 2004), or the individual (e.g., Woollacott & Manchester, 1993; Allison & 
Henry, 2002). Much of the postural control research has focused on examining anticipatory postural 
adjustment (APA) that occurs prior to discrete focal arm movements. Table 1.1 presents research that 
examined arm movement and associated APA variability as categorized by constraints in the task, 
environment and individual. Task constraints that have been examined include: speed of the movements, 
behavioral conditions such as simple or choice reaction time versus self-paced movements, body 
configuration, single versus bilateral arm movement, or the direction of the reaching movement.  An 
example of the effect of task constraints on APAs is evidenced by the work of De Wolf, Slijper, and Latash 
(1998). They found a main effect between two behavioral constraints (self-paced and simple reaction time 
reaching) on the timing of agonist-antagonist muscle pair bursts, amplitude of muscle activity bursts, and 
the peak to peak center of pressure displacement. Environmental constraints during standing and reaching 
that have been examined include: adding a load to the extremity, changing the support surface that subjects 
stand on, and changing the target configuration or target goal during reaching tasks. Additional load 
conditions have been shown to increase the duration of the APAs as measured by earlier onset of and 
longer muscle burst durations (Zattara & Bouisset, 1998; Benvenuti et al 1997; Bouisset, Richardson, & 
Zattara, 2000a, 2000b), and increases in center of pressure displacement at the onset of focal movement; 
(Bouisset & Zattara, 1987; Benvenuti, et al 1997). Changing the surface of postural support (Cordo & 
Nashner, 1982; Gantchev & Dimitrova, 1996) and changing the target distance away from the subject 
(Kaminski &Simpkins, 2001; Tyler & Karst, 2004; Steepey & Anglo-Kinzler, 2002) results in changes of 
the muscle activation patterns in the postural system. Lastly, individual constraints have been shown to 
affect APAs which include: age, pathology (e.g., stroke or multiple sclerosis), muscle fatigue and mood. 
Woollacott and Manchester (1993) found a main effect of age on APA muscle activation onset during a 
unilateral arm raising task. Fatigue in lower leg muscles (Vuillerme, Nougier, & Teasdale, 2002) and trunk 
muscles (Allison & Henry, 2002) affect muscle activation timing and amplitudes of the APA. As a whole, 
the research examining APA to different movement constraints is important because it demonstrates the 
flexibility and versatility of the postural system.  
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The above work is limited because it has only investigated anticipatory postural control changes. 
In a preliminary study, we have examined center of pressure, EMG activity in postural muscles, and 
qualitative and quantities kinematic relationships between postural segments across whole arm movements. 
Several postural coordination patterns were identified in the upward and downward components of the arm 
movements. Tables 1.2 and 1.3 display the effects of task variations (arm condition and target height) on 
coordination and center of pressure measures. Coordination patterns were shown to be dependent on task 
variations of unilateral versus bilateral arm raise. The amplitudes of center of pressure displacement were 
not significantly different between the task variations. This suggests that with these task variations the 
postural goal of stability is still effectively maintained even though different postural strategies are used 
(Galgon & Shewokis, in preparation). The postural system appears to account for the dynamic interactions 
of an individual‟s capacities, configuration, limb movements, and the specific demands of the environment 
and task. Flexibility within postural system supports the concepts presented that postural control is skillful, 
because the postural system must account for complex interactions, which cannot operate under solely 
innate or invariant control mechanisms. If the postural system is skillful, the ability to regulate posture in 
new motor activities must be learned through repeated experiences and practice. 
Evidence for learning in the postural system 
 Few studies have examined standing postural control with respect to learning (Faugliore, Bardy, & 
Stoffregen, 2006; Horak, Diener & Nashner, 1989; Ko, challis, Newell, 2003); Patton, Lee, & Pai, 2000; 
Sveistrup & Woollacott, 1997). When participants experienced 100 repetitions of posterior platform 
perturbations of the same amplitude and velocity, Horak, Diener and Nashner (1989) found that the 
response rate of initial torque and shear forces decreased to 78 -79% of the early trials, and their muscle 
response, measured by integrated EMG, decreased to 48-89 % of the early trials. Sveistrup and Woollacott 
(1997) trained postural response to surface perturbation (i.e., 100 repetition for three days) in a small group 
of pre-ambulatory children who had learned to pull themselves up but not stand independently. Children 
who received the training demonstrated a reduction in the co-contraction of the postural muscles and 
muscle activation patterns were more similar to children who were independent walkers, as compared to 
control children who had no change in postural responses.  
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Ko, Challis, and Newell (2003) examined changes in center of pressure displacement and sagittal 
plane kinematic amplitude and variability when individuals were exposed to 15 seconds of anterior 
posterior sinusoidal support surface translations during standing. Participants practiced the task 30 times on 
one day for acquisition and 10 times on a second day for retention testing. The results showed an initial 
increase in means and standard deviations of neck, hip, knee, and ankle angular displacements. The neck, 
hip and knee displacements quickly reduced within the first few trials and remained stable throughout the 
remaining practice and retention trials. Mean ankle displacement remained large; however standard 
deviations reduced within the first few trials on day one. These changes were maintained on the day two 
retention trials. Center of pressure displacement showed a gradual reduction across the practice trials and 
during the second day retention trials. Ko and colleagues argued that the early variability in angular 
displacement is associated with exploratory behaviors and the postural system appeared to find a quick 
coordination solution early in the practice session.  
Faugloire and colleagues (2006) examined how practice of a new relative phase pattern of hip and 
ankle movement affected the mode of postural coordination in a visual tracking task. Their subjects 
practiced 30 trials of a 135 degree relative phase postural coordination pattern. They found a shift in the 
relative phase mode toward 135 degrees in the post practice visual tracking task. The changes in postural 
behavior during learning of a task may resemble Bernstein‟s stages of motor learning (Bernstein, 1967). He 
observed that early learning is associated with increased variability of movement and freezing of degrees of 
freedom, and later learning stages is associated with the freeing up of „frozen‟ degrees of freedom, and 
improved accuracy of skill. Reduction in torque, muscle response and postural sway amplitudes described 
in the above studies could be associated with relaxation of the postural system as the participants learn to 
predict the upcoming perturbations (Horak et al, 1989; Sveistrup & Woollacott, 1997) or to utilize the 
passive, inertial forces generated by the moving surface (Ko et al, 2003). These studies, however, are 
limited in characterizing learning within the postural system, because there are only a few practice trials, 
and the learned tasks has participants focus on the postural components, which does not represent postural 
control during functional movements. Postural learning has also not been tested well for memory or 
generalizability. 
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Low number of practice trials may not provide adequate time for postural control to stabilize. The 
postural changes may only represent “transient adaptability” (Zanone & Kostrubiec, 2004) of the postural 
system and not learning. Although, Ko, Challis and Newell (2003) found rapid stabilization of postural 
coordination as a solution to a surface translation task, center of pressure displacement continued to reduce 
across the acquisition and retention sessions. A general postural coordination solution developed early, but 
refinement of postural control continued with practice. Their findings suggest that the postural control may 
not have completely stabilized or that there was an insufficient amount of practice.   
These studies do not give a clear picture of the changes that are occurring across practice of a 
functional movement. The postural perturbation studies (Horak et al, 1989; Sveistrup & Woollacott, 1997), 
sinusoidal surface translation studies (Ko et al, 2003) and learning of postural coordination (Faugloire et al, 
2006) had their participants focus on controlling posture. When postural control is the single action-goal, it 
may be controlled greater by explicit processes. Within a functional arm task, participants would focus on 
the hands moving in relation to the external environment and not on the postural segments. 
Patten and associates (2000) trained adults to perform brief (<300 ms) pushing and pulling 
motions with varied forces while standing (105 pulls/a day for 4 days and 136 pulls on day five) and found 
a reduction of amplitude and variability of COP from day 1 to day 5 in each force condition. Their 
participants concentrated on the focal task and postural performance was measured across acquisition and 
during retention phases. This study differs from the proposed study in that it only looked at postural 
responses to a single discrete arm movement; therefore the postural system only has to account for a 
perturbation associated with one limb movement. A single discrete arm movement paradigm does not 
describe postural changes associated with learning of a sequential arm movement similar to those changes 
observed in functional movements.  
Retention of postural control has been evaluated in some investigations (Ko, et al, 2003; Sveistrup 
& Woollacott, 1997; Patten et al, 2000) however; the generalizability of learning within the postural system 
has not been tested. Retention testing is one method of determining if there were relatively permanent gains 
with practice (Schmidt & Lee, 1999). It would also be important to determine if the postural system 
generalizes the learning of a task to other similar tasks (i.e., transfer tasks).  Transfer paradigms would 
confirm that the postural system was learning and not just using transient adaptation. Generalizability in the 
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postural system would also be relevant to rehabilitation, because there is not adequate time available for 
practicing all contexts of functional movements.  
The nature of learning within the postural system may be task-specific (Ko, Challis, & Newell, 
2003). The dynamic force interactions, controlled within the postural system, are defined by the constraints 
of the functional task, the environment and the individuals. The research on postural adaptation and 
learning has only begun to examine a few of these constraints; therefore the learning processes within the 
postural system have not been fully explored. The proposed study seeks to bridge the gap in knowledge by 
studying learning within the postural system with a method that addresses some of the limitations noted 
above. To gain further insight into the complexities of postural learning, a task was selected that will more 
closely represent the complexity associated with functional movements. The sequential reaching task in 
standing will allow for measurement of the dynamic stability of the postural system and the accuracy of the 
focal system, exploring the differences between implicit learning processes associated with the postural 
system and the explicit learning processes associated with the focal task. Dependent measures were 
selected to represent the three levels of motor control as defined by Gentile (2000). As the task is practiced, 
the variability in motor equivalences (e.g., EMG activity of postural muscles), movement equivalences (e.g. 
postural coordination patterns), and the accuracy or efficiency of the action-goals (e.g., temporal-spatial 
accuracy of the arm sequence and the temporal-spatial dynamic control of center of gravity within the base 
of support) will provide important information on how the central nervous system controls the multiple 
degrees of freedom in postural skill acquisition. To demonstrate whether learning within the postural 
system has occurred, subjects will be given an adequate amount of practice to allow for the attainment of 
the focal and postural action goals and their performance will be measured with both retention and transfer 
tests. As the individuals learn to organize their movements in an efficient manner, skill acquisition will be 
demonstrated by consistent measurable focal and postural behaviors at retention and transfer testing. 
Therefore, the purpose of this study seeks to demonstrate learning within the postural system by examining 
the effect of practicing a sequential reaching task on postural control measures.  
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Preliminary Research 
 
Before designing a reaching task for a learning paradigm study, it was important to define how the 
constraints of a whole or repeated arm movement task would affect the characteristics of arm movements 
and postural control. A preliminary study was performed that would contribute to the design and methods 
of the proposed study and estimate the variability of dependent variables that will be measured. The 
purpose of the experiment was to examine the relationship of distance of reach in the vertical plane to 
postural control characteristics and examine the differences in postural control characteristics during single 
and bilateral arm reaching. The information obtained from the study helped to determine the final task 
constraints (e.g. whether to use single or bilateral arm reaching in the learning task), measures and methods 
that be considered for use in the proposed study. The study also allowed for the comparison of methods and 
results to other laboratories studying postural control in order to confirm feasibility of performing the 
proposed study.  
Six healthy right handed adults (3 males; 3 females, mean age = 34.7 + 10.4 years) participated in 
this study. The participants stood and raised their arm(s) with elbows extended to the level of one of three 
targets and lowered their arms in one smooth motion. The target heights were set so that during an anterior 
reach the shoulder flexed approximately 105 degrees (A), 90 degrees (B) and 75 degrees (C). Three reaches 
were completed to each target in unilateral and bilateral arm conditions, for a total 18 arm lifts. The 
selected targets will be used in the sequential reaching task proposed in the proposed study. During the 
procedure three-dimensional kinematic data, COP data and surface EMG of four muscle groups, biceps 
femoris (BF), rectus femoris (RF), medial gastrocnemius (MG), and tibialis anterior (TA), in lower 
extremities and two muscles, (erecter spinea (ES) and rectus abdominus (RA), lower trunk muscles and the 
anterior deltoid muscle of the participant‟s dominant arm were collected. A detailed description of the 
method is provided in the method section of this proposal. Kinematic data was analyzed qualitatively by 
categorizing patterns of shoulder-hip and hip-ankle angle-angle plots and quantitatively with mean absolute 
relative phase between shoulder-hip and hip-ankle phase angles. COP data was analyzed for anterior and 
medial lateral displacement, velocity, distance to boundary, and time to boundary measurements. EMG data 
was analyzed for onset and duration of muscle activation of agonist-antagonist pairs. An important element 
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of this analysis was to demonstrate that postural control can be measured at the level of the action goal 
(COP measures) and at the level of the neuromotor processing (EMG patterns) and movement (postural 
joint dynamics) as well as to determine the variability within these measures that can be expected during 
arm reaching tasks. 
Dynamic postural control (action level) during reaching 
Table 1.2 shows the results of measured COP displacement, COP velocities, time to boundary and 
distance to boundary measures. During the upward arm reach COPap (anterior-posterior) typically shift 
posterior prior or slightly after the start of the arm movement. This was followed by an anterior movement 
during the upward arm movement.  In the downward part of the movement, COPap gradually shifts 
posterior again (Figure 1.1). Peak to peak posterior to anterior COP displacements were 1.7 + 0.7 cm (mean 
+ SD) and 2.25 + 0.72 cm in the unilateral and bilateral arm raise, respectively. Corresponding directional 
COP velocity changes were noted (Figure 1.2). Typically, in the unilateral arm condition there was a shift 
of COPml (medial-lateral) toward the right foot prior to slightly after the start of the arm movement 
followed by a shift to the left foot. The initial right shift was not typical in the bilateral arm condition. The 
initial direction of COP movement in the two arm conditions agrees with direction of APA ground reaction 
forces previous recorded during bilateral and unilateral arm raises (Bouisset & Zattara, 1987).  
Main effects of arm condition were found for peak velocity in the medial lateral direction (F1,5 = 
16.55, p=0.01) and in the posterior direction (F1,5 = 205, P<0.001). There was no effect of arm condition on 
COP displacement or target condition on COP displacement or velocities. Main effects of arm condition 
and target condition were found for left TtB (F1,5 = 17.65, p = 0.008 and 29.73, p = 0.003), respectively. 
Left TtB was longer in the bilateral condition (mean = 7.6 + 3.5) than the unilateral (mean = 5.16 + 2.6) 
and longer to the lowest target (means = 6.09 + 3.0, 6.04 + 3.3, and 7.03 + 3.5 for targets A, B and C 
respectively). There was also a main effect of arm condition on posterior TtB (F1,5 = 43.11, p = 0.001). 
There was no effect of arm condition or target condition on minimal distance to any boundary.  
Peak to Peak COP displacement were expected to be different between single arm reaches and 
bilateral arm reaching, because there are differences in the amount of body mass displaced and the 
differences in symmetrical versus asymmetrical force interactions in the two arm conditions. An arm is 
estimated to be 5% of the total body mass and two arms are 10% of body mass (Winter, 2005). COM 
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displacement in the sagittal plane with a bilateral arm raise have been shown to be approximately 3.5 cm 
(Termoz, Martin, & Prince, 2004) and 1.5 cm for a single arm raise (Vernazza-Martin, Cincera, Pedotti, & 
Massion, 1999) in healthy adults. Since COM and COP trajectories are related with peak COP amplitudes 
greater than COM in standing (Winter, 2005), it was expected that larger COP differences would be have 
been seen. 
In our study the effect of the arm conditions was more evident in COP velocity measures and in 
the time to boundary measures than in the COP displacement measures. Controlling different force 
dynamics in each of the arm conditions appears to be reflected COP velocities. However, subjects do this 
effectively because there is little variation in minimal distance to each boundary, suggesting that they easily 
control their COM within their base of support. A COP velocity related measure, such as the TtB, would 
more likely capture the motor control of postural force dynamics and show change across a postural 
learning study. TtB captures the spatio-temporal relationship between COP and the boundary by measuring 
the relationship between the distance from the boundary and the velocity toward the boundary, thus it may 
provide insight as to how well an individual perceives how far they are from their boundary and how 
quickly they are moving toward the boundary (Riccio, 1993). Barin (1992) argued that boundary related 
COP measurements would better represent postural stability and predict postural strategies better than 
traditional COP measures.  
Task specific movement patterns (movement level) during reaching   
 There were several important qualitative findings from the analysis at the movement level. First, 
five patterns of joint dynamics were categorized in the shoulder hip and hip ankle dynamics. Figure 1.3 
displays angle-angle plots with parabolic, inverted parabolic, anti-phase, in-phase, and flat line patterns.  
Secondly, during the upward movement shoulder ipsi-lateral hip angle-angle plots showed one consistent 
pattern of in-phase to anti-phase dynamics in all task conditions. Third, shoulder contra-lateral hip pattern 
frequencies were dependent on the arm variation in upward motions (χ23 = 58.9, p< 0.001). Shoulder 
contra-lateral hip plots showed a similar parabolic shape as shoulder ipsi-lateral hip plots in bilateral arm 
movement, but not in unilateral arm movements as shown in Figure 1.4. 
The critical quantitative findings for MARP included the following main effects during upward 
movements: (a) target height on shoulder ipsi-lateral hip; (b) arm variation on shoulder contra-lateral hip; 
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and (c) arm variation on contra-lateral hip ankle. MARP was not dependent on the task variations during 
the downward motion. Table 1.3 presents the group mean, standard deviations, and F values for MARP in 
each of the joint dynamics by task variation. The influence of arm variation on contra-lateral limb MARP 
measures is in agreement with the qualitative results. After examining segmental acceleration of postural 
segments during reaching, Bouisset and Zattara (1981) found that during bilateral reaching both thighs 
initially accelerate posteriorly together and during unilateral reaching the ipsi-lateral thigh initially 
accelerates posteriorly while the contra-lateral thigh accelerates anteriorly (Bouisset & Zattara, 1981; 
Zattara & Bouisset, 1986, 1988). These findings, taken together with our preliminary work, suggest that 
difference in postural movement behavior between bilateral and unilateral reaching can be captured in 
measurements of contra-lateral limb kinematics (Zattara & Bouisset, 1988). 
In the preliminary study, task specific differences were seen in the upward movement suggesting 
that initial postural control during discrete movements may be under a feed forward control mechanism 
(Kaminski & Simpkins, 2001). During the downward movement the variability in performance, particular 
in shoulder hip dynamics (MARP SD ranges 9.28 to 30.28 degrees), may reflect the postural system being 
influenced by feedback control mechanisms. The movement pattern (in-phase to anti-phase, Figure 1.3) in 
the shoulder hip angle-angle plots suggest an initial coupled joint dynamic and decoupling of the joint 
dynamics toward the end of the upward movement. These phase angle patterns suggest that the postural 
components in the upward movement are acting with the arm to assist the reaching motion and in the 
downward motion are acting more in postural stabilization. Hip and ankle phase plane portraits generally 
demonstrated one larger cycle occurring in the upward movement, which was followed by smaller circular 
cycles and cusps observed during the downward motions (Figure 1.5b). Small circular patterns of 
movements are considered to result from position dependent forces opposing the motion such as in a spring 
or pendulum. Cusps depict the curve moving toward and then away from zero velocity and are considered 
movement interruptions or sudden cessation and then resumption of the motion (Winstein & Garfinkel, 
1989). During the downward movement the hip and ankle appear to be acting more like an inverted 
pendulum with periodic corrections in movement due to feedback information. In the learning of a 
sequential arm movement it is expected that the postural system will be under both feed-forward and 
feedback control mechanisms. The qualitative and quantitative kinematic measures used in the preliminary 
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study are expected to show changes in joint dynamics that reflect a reduction in feedback control 
mechanisms as the subjects learn to anticipate and control the force interactions of the task. 
One concern raised in the preliminary study was that the changes in ankle angular positions during 
the arm reach movement were very small (less than 2 degrees of motion). Small angular measures may be 
more susceptible to error and may not provide a good representation of postural behavior. There were 
larger angular displacements at the hips during arm movement (range: 1.8 to 9.74 degrees). Reaching 
movements also appear to create higher proximal postural segment acceleration more than distal postural 
segments (Zattara & Bouisset, 1988). For these reasons we expect to capture greater changes in shoulder 
hip joint dynamics when subjects learn an arm reaching task.  
Task specific EMG patterns (Neuromotor processing level) during reaching:  
 For the purposes of comparing the preliminary work to investigators who have studied APA 
during reaching, only the onset of muscle activity relative to anterior deltoid (DA) muscle activation will be 
reported. In the preliminary study, initial postural muscle activation patterns were relatively symmetric in 
bilateral arm conditions and asymmetric in the unilateral condition. This was demonstrated by a main affect 
of arm condition on the onset of contra-lateral biceps femoris (BFc) muscle activity (F 1,2 = 23.76, 
p < 0.001). Table 1.4 present the mean and standard deviations of muscle onset in ispi-lateral and contra-
lateral BF and ES muscles by arm and target conditions. During bilateral reaching, both BF activation 
onsets occurred (on average 43.17 ms for BFc) before the onset of the DA. During unilateral reaching the 
initial ipsi-lateral BF onset continued to occur prior to DA onset, however contra-lateral BF onset was 
delayed on average 105 ms after DA onset. This phenomenon was also present in the ES muscles in some 
individuals, but not in others, and for the group there was no effect of arm condition on initial ES onset. 
Statistical analysis was not performed on the other muscle groups because they showed either little or no 
activation (RA and RF) or activation patterns (TA and MG) that were highly variable across the 
participants. For example, in two individuals, MG was active when the reaching was signaled, the activity 
dropped close to zero and there was burst of TA activity between 200 to 50 ms before DA onset. For these 
two individuals, this pattern was consistent in the bilateral arm condition, but not in the unilateral condition. 
Other participants did not show this pattern in any of the trials.  
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Our findings agree with previous work examining APA in reaching. Anticipatory onset of BF and 
ES muscles before DA is a typical finding for forward bilateral reaching across most APA studies (e.g., 
DeWolf et al, 1998, Fujiwara, Toyama, & Kunita, 2003, Zattara & Bouisset, 1988). Symmetrical muscle 
activation pattern in bilateral arm raises and asymmetrical muscle activation patterns have been reported 
previously when different lower extremity muscle groups were measured (Bouisset & Zattara, 1981; 
Zattara & Bouisset, 1988). The change in muscle activation patterns in the contra-lateral lower extremity 
agrees with the opposite movement patterns of contra-lateral joints. Tyler and Karst (2004) found earlier 
onsets of TA and vastus lateralis (VL) and later onsets of ES muscles when participants progressively 
reached for farther targets with bilateral arms. The present study did not show any effect of target height on 
postural muscles initial onset. This may be due to the high inter-participant variability, or because the 
change in vertical arm perturbation may not have as much effect on postural muscles.  Between individual 
variability of EMG muscle activation during reaching has been reported particularly when subjects move at 
self selected speeds (Lee et al, 1987). Other variables that influence onset of muscle activation in reaching 
include arm acceleration (DeWolf et al, 1998, and Lee et al, 1987) and initial COP position (Fujiwara, 
Toyama, & Kunita, 2003).  
One limitation of this study is that the speed of arm movements was not controlled. Participants were 
instructed to move as “smoothly and quickly as possible.” Movement times within and between subjects 
were highly variable and may have affected the results of our study. Increasing the speed of movement has 
been shown to increase posterior COP displacement in bilateral arm reaching (Temoz, et al, 2004). Across 
all trials, in this preliminary study, there was a moderate correlation between movement time and Max COP 
velocity (r = -0.51) to the left, TtB left (r = 0.51) and BFi initial onset (r = 0.52). This means that arm speed 
explains approximately 25% of the variance in these measures. Controlling for arm speed may be an 
important consideration in a postural learning study.  
In addition, anticipatory postural responses measured by muscle activation onsets (Lee et al, 1987; 
DeWolf et al, 1998; Woollacott & Manchester, 1993) and limb segmental accelerations (Bouissett et al, 
2000a) appear to be affected by arm speed more than COP measures (DeWolf et al, 1998). Postural 
neuromotor (EMG) and movement level (kinematics) measures may show more adaptability than action-
goal level (COP) measurers. Changes in postural movement strategies may occur earlier in learning than 
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COP measures (Ko et al, 2003). If different levels of postural control are affected differently by task 
constraints, then careful observation at each level should be considered.  
In summary, the preliminary study provided a valuable background, which prepared the investigator to 
design and perform the proposed study. By developing and practicing the experimental methods and 
analysis, critical decisions and assumptions were made that presumably will enhance the experimental 
design and procedures in the proposed study. Presented below are seven ways that the preliminary study 
has added to the planning of the proposed study. 1) A bilateral arm reaching task was selected to reduce 
unwanted individual movement and neuromotor variation and to ensure that larger angle displacements 
could be captured in the postural joints. 2) Using Gentile‟s three levels of skill acquisition to analysis 
postural control was shown to be warranted in the proposed study. 3) The feasibility of using Time to 
boundary, MARP and EMG onset patterns to represent the three levels of skill acquisition was confirmed in 
the preliminary study. 4) To account for problems with variability due to arm movement speed, an 
instructional emphasis will be made to have subjects move as quickly as possible and focal hand accuracy 
measurement based on percent of maximal hand speed will be examined. 5) The preliminary study allowed 
for evaluation of measurement procedures and planned changes were made (e.g. EMG processing resting 
baseline activity will be used to evaluate activity levels in postural muscles. This was not done in the 
preliminary study and may help with more accurate onset and offset identification). 7) The variability 
demonstrated in kinematic and COP measures, in this study, has been used to estimate effect sizes expected 
in the proposed study. This was a necessary step in performing the power analyses and determining the 
required sample size.  
 
Research Design 
 
Specific Aim #1: Determine the change in postural control strategies from early to late learning of a 
sequential reaching task. 
 
Specific Aim #2: Determine the nature of the transition of postural strategy during skill acquisition. 
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Introduction: Both of these aims will be accomplished using a repeated measures design within a 
learning study. Focal and postural performance will be examined across an acquisition sequential reaching 
task. Performance measures were selected to represent Gentile‟s three level of skill acquisition. The 
specific aim #1 hypothesis is that there will be a change in the control of the degrees of freedom of the 
postural system from early to late learning of the reaching task. The changes will be seen by at the three 
levels of postural control. The specific aim #2 hypotheses are: 1) that there will be gradual changes in the 
action goal measures across acquisition, 2) postural stability, which is assumed to be control by intrinsic 
learning processes, will continue after focal task accuracy has stabilized, which is assumed to be control 
under more explicit learning processes, and 3) postural strategies (postural motor and movement 
equivalences) will transition during a critical period between early and late practice. The uniqueness of the 
study is that a repeated measures design will be used to examine different levels of postural skill 
acquisition. Measuring the degree of change and the nature of the change in the levels of postural control 
across the acquisition period of an arm tasks will provide insight in to postural learning within functional 
tasks.  
Specific Aims # 3: Determine the effect of practice on the postural control memory during the 
learned upper extremity task and it’s generalizability to a similar task. 
 
Introduction: This aim will be accomplished as an extension of the above repeated measures 
study by examining the performance in the same participants after a 48-hour retention interval and their 
performance within retention and three transfer tasks will be measured. This approach will assess the 
memory (retention) and the generalizability (transfer) within the postural control system by measuring the 
difference in performance between the retention trials and late learning and the difference between 
retention trials and the transfer trials. The hypotheses are that the memory of postural strategies and 
dynamic control of stability attained during acquisition will be retained after a 48-hours interval and 
generalized to the sequential reaching task constrained under three different task conditions. Demonstrating 
a relative permanent change in the postural system associated with practice would be an important finding 
to verify learning within the postural system.  
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Experimental Design:  
In the repeated measures learning study, the participants‟ performance will be examined across an 
acquisition period, where they practice a reaching task for 100 repetitions for 3 sessions (over 
approximately 3 days). Participants will return after a 48-hour retention interval (Session 4) for 
measurement of performance in 10 retention trials (5 free recall and 5 cued recall) and 10 trials of three 
transfer tasks. Table 1.5 presents the time line and measurement points designated for the experiments. 
Each transfers task is designed to slightly change the task. First participates will be asked to perform a new 
sequence with uses same arm movements. Additionally, the learned sequence will be performed in two 
different arm positions; 1) arm supinated (grasping bar with the palms up) and alternate grip position (one 
arm palm is up down and one arm palm in neutral position). The independent variables will be the 
measurement points across the acquisition of sequential reaching task. Dependent variables were selected 
to represent the Gentile‟s three level of skill acquisition: 1) the action-goal measures will be focal accuracy 
(% of maximal hand velocity, constant error and variable error), and postural dynamic stability (minimal 
distance to boundary, and minimal time to boundary), 2) movement level measures will be postural 
movement strategies (angle-angle plots, mean absolute relative phase and deviation phase of arm-hip, and 
hip-ankle relationships), and 3) neuromotor processing measures will be postural motor strategies (EMG 
timing and amplitude of activation). Comparison of measurements will be made as averages and standard 
deviations of 10 trial blocks including: trials 6-15, 46-55, and 86-95 on each the three acquisition days (3 
measurements time 3 sessions) for specific aims #1 and #2. For specific aim #3, comparisons of the 
measures in the free recall and cued recall retention conditions will assess memory and comparisons of the 
measures within the three transfer tasks will assess generalizability.   
 
Methods 
 
Participant:  
Twenty healthy adults (18-49 years) will be recruited to participate in this study. Sample size was 
determined with power analyses for a repeated measure study using Power Analysis Statistical System 
(PASS), 2002 software (Kaysville, Utah). Table 1.6 presents the values used in each power analysis of the 
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two critical dependent variables (TtB and MARP) estimated from the preliminary study results (Galgon, 
unpublished) as well as in comparison to studies measuring comparable variables (Patten et al, 1999). Of 
the two primary dependent variables, a power analysis using TtB values provided the most conservative 
estimate of sample size. A power analysis using TtB values (lowest meaning difference of a mean 1 second, 
standard deviation of 0.77 seconds, effect size (d) equal to 0.53, within group correlation r equal to 0.40, 
and an alpha level equal to 0.05) revealed statistical power of  0.82 and a sample size (n) equal to 14. In a 
motor learning study it is typical to have a participant attrition rate of up to 40%, therefore sample size was 
adjusted to 20 to account for these potential losses.  
Participants will be recruited using fliers posted on the Drexel University campus bulletin boards. 
Inclusion criteria: participants that agree to participate in the study will be included if they are between 
the ages of 18 and 49 and considered themselves to be in good health. Exclusion criteria: Individuals will 
be asked to exclude themselves if they feel they will not be able to perform the activities easily or if they 
have any disorder that may affect their balance. Examples of reasons a person should exclude themselves 
include: a recent muscular skeletal injuries or chronic condition of the shoulders, hips or back, and a recent 
fall or condition that may effect balance such as severe arthritis, a vestibular dysfunction or other 
neurological disorder. Individuals will also be excluded if they are 50 years or older because health 
problems associated with aging that affect balance may be seen as early as the 5
th
 decade of life (Guccione, 
2000).  
The following efforts will be made to retain participants once they have entered the study. 
Participants will be recruited from the campus community therefore there should be limited travel time or 
expense for them if they wish to participate. To accommodate participants‟ schedules, flexibility in 
laboratory hours are available and flexibility in time frames between testing sessions has been established 
and noted in Table 1.5. Additionally, participants will receive a monetary reimbursement for the time they 
are involved in the study (approximately $10 per hour).  
Participant consent and preparation: 
The procedures and participant requirements for the study will be explained and the consent form 
will be reviewed with each volunteer. Participants who consent to participate in the study will experience 
the following procedure to prepare the subject for data collection. Participants will be asked to don shorts 
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and tank tops for the study period. They will be asked to remove their shoes and don socks provided by 
investigators. Each participant will be measured for height to shoulder and arm length. Measures will be 
used to standardize the position of reaching targets. Participants will be tested for hand dominance with the 
Edinburgh Handedness Inventory (Oldfield, 1971). The Edinburgh Handedness Inventory is a questionnaire 
of 10 tasks, which the subject marks for hand use (Appendix B). Reflective markers will be attached 
bilaterally to each side of their head, trunk, and lower and upper extremities. These markers will be placed 
on boney landmarks shown in Figure 1.6 and will provide a representation of the body (head, shoulder, 
elbow, wrist, hip, knee, ankle, foot) for kinematic data. Surface EMG electrodes will be attached to four 
muscle groups in the lower extremity [tibialis anterior (TA), medial gastrocnemius (MG), biceps femoris 
(BF), and rectus femoris (RF)], two muscles in the lower trunk [lumbar erector spinae (ES) and external 
obliques (EO)] and the anterior deltoid (DA) and posterior deltoid (DP) muscles of the subject‟s dominate 
arm. These muscles were selected to ensure that muscle activation patterns would represent 
agonist/antagonist pairs of the lower trunk, thigh and shank stabilizers and are typically used in studying 
APA during voluntary arm movements (Benvenuti et al, 1997; Fiedli, Hallett, & Simon, 1984; De Wolf et 
al, 1998; Slijper, Latash, & Mordkoff, 2002). Ideally, electrodes should be placed between the motor point 
and the distal tendon insertion of each muscle (Deluca, 2002). Since motor points will not be identified, 
two Ambu Blue Sensor SE electrodes (Medicotest, Demark: self adhesive, wet gel, Ag/AgCl, 35.x30 mm) 
will be placed 2.5 cm apart longitudinally along muscle fibers, at the midpoint on the muscle belly in the 
location of the greatest cross sectional area (Deluca, 2002; Soderberg, 1992). Electrode placements for each 
muscle will be found by palpating an active contraction of the muscle in the locations shown in Figure 1.7.  
For each muscle, the area will be cleaned with alcohol and electrodes will be secured in place by an 
adhesive pad and hypoallergenic tape. Electrodes will be connected to the Myopac EMG system (Run 
Technologies, Mission Viejo) belt unit that will be attached to the subject‟s waist (Figure1.8). Prior to the 
experimental procedures, one 5 second trial of resting EMG data for each muscle will be collected. Five 
seconds of gravity resisted isometric voluntary contraction (SMIVC) for each muscle will also be collected. 
These trials will be used for amplitude normalization. Positions for collecting SMIVC for each muscle are 
presented in Table 1.7. 
Experimental procedures: 
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 Before the experimental procedures are initiated, force plate data will be captured on four 10 
second static leaning trails: leaning forward, backwards and right and left. Force plate data will be used to 
calculate center of pressure to represent anterior, posterior, right and left functional boundaries or limits of 
stability. Limits of stability describe how far a person is willing to move their COP within their base of 
support. The limits of stability are being used in this study to calculate TtB because in most standing 
activities COP do not come close to approximating the physical or geometric boundaries of the base of 
support, established as the length and width of the feet. Time to boundaries derived from functional 
boundaries may give better insight as to how stable an individual is during any activity (Holbein & 
Redfern, 1997; Slobounov, Slobounova, & Newell, 1997; van Wegen, van Emmerik, & Riccio, 2002). 
Time to boundary using functional boundaries was more sensitive than geometric boundary to determine 
age related differences in postural control. This may be due to changes in balance motor planning and in 
participants‟ perception of functional limits (Slobounov, Moss, Slobounova, & Newell, 1998).  
The set up for the reaching task that will be performed is depicted in Figure 1.8. The participant 
will stand on a force plate in a comfortable position facing a large plywood board on which light emitting 
diodes are mounted (LED board). The investigator will position the participant‟s feet in the anterior 
posterior direction so that both navicular line up close to the center of the force plate. The force plate will 
be previously covered with a piece of paper and secured to the floor around the force plate with tape. Each 
foot will be outlined using a permanent marker held vertically along the outside of the foot. The foot 
outlines will used so that they can return to the same location after each trail and between sessions. The 
LED board will be positioned one arm length plus 10 inches away from the subject. The LED targets will 
be set so that during anterior reaching the shoulder will be at approximately 90 degrees of flexion when the 
subject reaches toward the middle target (B) with the elbow extend. Two additional targets will be 17 
centimeters above (A) and below (C). Using visually light signals, as targets, is a standard procedure to 
signal for single and bilateral forward flexion shoulder movements (Bouisett & Zattara, 1981, 1987). In a 
preliminary study, this three target set up measured consistent maximal shoulder flexion, with means (SD) 
equal to 94.01(1.6), 85.16 (1.5) and 75.83 (1.8) degrees, respectively for targets A, B, and C (Galgon & 
Shewokis, in preparation). For each trial, a subject will stand with their arms fully extended, with forearms 
pronated and hands resting on their thigh while grasping a wooden bar with hands 12 inches apart (Patla et 
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al, 2002). Prior to performing the sequential reaching task trials, the subjects will perform three trials of 15 
fast arm movements between targets A and C. The participant will be asked to move their arms to the level 
of each target as fast as possible. Emphasis in the instruction(s) will be made on speed of the movement. 
The velocity of the hand movements will be used to evaluate maximal speed (MV) of hand movements 
across the learning trials.  
The three MV trials and all of the sequential practice trials will be performed in the following 
manner. A tone will sound to inform the participant that the trial is about to start. The target B LED will 
light on the board and the participant will move their arms so that hand is level with LED light, then a 15 
step sequence of lights will be presented at an interval of 0.5 seconds. The same sequence will be used in 
all of the practice trails. This sequence is designed to be unpredictable; such that the participants initially 
will not be able to predict the upcoming target. The interval between target presentations will be 0.5 
seconds. The participant will be instructed to move the bar as fast as possible to the level of each light as it 
is presented. All sequences will end on target B and then a second tone will sound to let them know that the 
trial is complete. There will be approximately 30 seconds between each trial. This time will be adequate to 
allow the participants to stabilize themselves between trials. The time to recover from a fast arm raising and 
lowering task has been reported as 5.8 + 1.5 seconds (Termoz et al, 2004). To avoid fatigue a 2-3 minutes 
rest period will be given after each ten practice blocks. Experimentally induced fatigue of lower extremity 
(Vuillerme, Nougier, & Teasdale, 2002) and trunk muscles (Allison, & Henry, 2002) has been shown to 
affect postural responses during reaching tasks.   
During the first session, each participant will perform four leaning trials, the three hand speed 
trials and 100 learning trials. During sessions two and three, the participants will perform the 100 learning 
trials.  All trials will be measured for kinematic, kinetic and EMG variables. On session 4 participants will 
return to perform 10 trials of the sequential task (5 free recall and 5 cued recall), and 10 trials of three 
transfer task. Two of the transfer tasks will be arm position conditions: 1) with forearms supinated and 2) 
with one forearm supinated and one arm in a neutral position grasping an L-shaped bar. The third transfer 
task will be in the original arm position, but the participants will perform a new sequence with the same 
targets.  
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Instrumentation and initial data processing:  
Force plate data: 
A single AMTI strain gauge force plate (Model OR6-7 1000, AMTI, Watertown, MA) will be 
used to collect force (Fx, Fy, and Fz) and moment (Mx, My, and Mz) signals during the study procedures. 
The force plate will be connected to an AMTI amplifier (Model SGAG-A) with a gain of 4000, and voltage 
selection of + 10 volts and a low pass filter of 1050 Hz.  Signals will be then sent through a Peak 12 bit A-
to-D converter (Peak Run Technologies, Englewood, CO). The raw signals will be captured in a computer 
using the Peak Motus, version 8.5, software and sampled at 1200 Hz. A post sampling 6 Hz, 4
th
 order zero-
lag, Butterworth filter will be applied to all raw data. Force plate data for forces (F) in x (anterior- 
posterior) y (medial-lateral), and z (vertical) and moments (Mx, My, and Mz) will be used to calculate COP 
of pressure using the following equations. COPx = -(My + Fx*dz)/Fz, and COPy = (Mx - Fy*dz)/Fz. COP 
data will be calculated in meters with respect to a global coordinate system and converted later to 
centimeters for analysis. COP data will be down sampled to 60 Hz to match kinematic data prior to 
calculation of boundary measures. Figure 1.9 shows a footprint drawing on the force plate, with the force 
place axis and global coordinate axis represented. Larger measurements in the x direction represent a more 
anterior position boundary or COP position and larger measurements in the y position represent boundaries 
and position more to the left. Scaling factors and conversion to global coordinate system are calculated by 
Peak Motus based on AMTI generated force plate calibration matrix and specifications. COP velocities in 
each direction will be calculated with the central difference method and filtered with a 6 Hz low pass 
Butterworth filter. 
Electromyographic Data: 
A description and schematic representation of EMG processing is presented in Figure 1.11.  EMG 
data will be collected through a Myopac surface EMG recording system (Mission Viejo, Ca.). EMG 
electrodes are connected to a Myopac belt unit through lead bundles. The belt unit will amplify the EMG 
signals to a gain of 2000 and has a band pass filter of 10 to 1000 Hz, CMRR of 90dB, and an impedance of 
1M Ω. This unit connects to a receiver unit through a fiber optic cable. The receiver unit monitors the raw 
EMG data and has an output voltage range of + 5 V. The receiver connects to the Peak Motus System 
(version 8.12) via a Myopac BNC connector box and a Peak analog to digital interface unit, where it can be 
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visually observed through an oscilloscope. Amplification gain may be adjusted for better visualization of 
the signal. Raw signals will then be saved and stored within the Peak Motus System. Offline, the signal will 
later be filtered with a 2
nd
 order Butterworth low pass filter at 450Hz, rectified and aligned with target onset 
signals. 
3D Kinematic Data:  
Three dimensional kinematic data will be collected through four video cameras (Peak, Englewood, 
CO.) and recorded onto four VHS tapes. Kinematic data will be sampled at 60Hz. At the end of the 
procedure the videos will be labeled by date and subject number and stored to be captured into the Peak 
Motus System (version 8.5) offline. The video images will be captured and body markers and markers 
placed next to each target and the ends of the wooden bar will be digitized by the Peak Motus System. Raw 
kinematic data will be smoothed with a 4
th
 order Butterworth low pass filter at 6 Hz and sagittal angular, 
displacement, velocity and acceleration for shoulder, hip, and ankle will be calculated and matched to 
kinetic data using the global reference system described in Figure 1.9. 
LED Board:  
An LED Board (David Solomon, Department of Neurology, John Hopkins), a large black plywood 
board mounted to a rolling wooden frame in which LED lights were imbedded, will be used to direct the 
subjects during the arm movement task.  The LED board is operated by Labview 5.02 software (National 
Instrumentations). A five volt signal from the LED Board will also be input into Peak Motus System 
(version 8.12) through the Peak A to D interface unit.  A voltage drop to zero will detect each target light 
onset.   
Data Reduction: 
Focal Hand Accuracy: 
Kinematic vertical displacement (z) of the hand bar maker and the three light target makers will be 
used to calculate hand velocity and spatial relationship between the hands and targets. Hand velocity will be 
calculated as a percentage of maximal hand velocity determined on first day of experiment. Time to target 
will be calculated as the time for hand to reach target height after onset of target light. Two dimensional 
constant error (CE) and variable error (VE) will be calculated within each target interval using the 
following equations:  CE = Σ (zhi – zt) / n, and VE = √ Σ (zhi – mean zh)
2
 / n, where zh is the vertical 
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height of the hand and zt is the vertical height of the target. These two measures will allow for examination 
of consistency and bias during the acquisition of the reaching task (Schmidt & Lee, 2005). The target 
interval is defined as the period between the time to target to the onset of the next target. Hand velocity and 
constant error and variable error for each trial will be attained from the average value across each target 
interval (15 targets). 
Postural Dynamic Control of Stability: 
Functional boundaries will be determined from the average COP position of 10 seconds of data 
during each leaning task.  COPx position will used to determine the anterior- posterior boundaries and 
COPy position will be used to determine right and left boundaries. COP Minimal Distance to Boundary is 
considered a measurement of the “spatial safety margin” of postural stability and is one method of 
measuring postural accuracy (Patton, Pai, & Lee, 1999). Minimal distance to boundary will be measured by 
calculating the average of the minimal instantaneous distance to each boundary across the trial. An 
alternative method to measure accuracy will be to use Minimal Time to Boundary, which measures the 
“temporal safety margins” and may be under a different control mechanism than spatial safety margins 
(Patton, Lee & Pai, 2000; Patton et al, 1999). Minimal time to boundary will be calculated separately from 
the anterior, posterior, right and left boundaries using calculations described by van Wegen et al, (1998) 
and displayed graphically in Figure 1.10. The difference between the COP position and the boundary will 
be calculated to determine the instantaneous distance measurement (COPx to anterior and posterior 
boundaries and COPy to right and left boundaries). The instantaneous distances are then divided by the 
instantaneous velocities to obtain a TtB time series across the trial.  The absolute values of the peaks in the 
TtB series, when the COP is moving toward the boundary, will be averaged to get the minimal TtB 
measurement. As a result, a minimal TtB will be obtained for the anterior posterior right and left 
boundaries.  
Postural Movement (coordination) Patterns: 
Angle-angle plots and relative phase between the shoulder and hip and the hip and ankle will be 
used to identify postural learning at the movement level. The shapes in angle-angle space will be 
interpreted individually with qualitative descriptions (Winstein & Garfinkel, 1989). Two blinded assessors 
will individually categorize the movement patterns and ICC (3,1) will be used to assess reliability between 
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assessors. Consistent movement patterns will be categorized. Phase plane portraits will be created from 
normalized angular displacement and velocity for the shoulder, hip and ankle joints (Barela, Whithall, 
Black & Clark, 2000; Kurz & Stergiou, 2002). Normalization accommodates for differences in angular 
displacements and velocities by placing the phase plane portraits into a polar coordinate system with the 
origin in the center of the plot (Wheat & Glazer, 2005). Standard phase angles will be calculated from 
phase plane portraits. Continuous relative phases will be calculated as the difference between phase angles 
of each joint dynamic (Barela et al, 2000), as illustrated in Figure 1.5 a-d. Mean absolute relative phase 
(MARP) will be used to quantify the shoulder-hip and the hip-ankle coordination dynamics and deviation 
phase (DP) will be used to determine the variation or stability of the coordination pattern (Kurz & Stergiou, 
2004).  
Postural Neuromotor Patterns: 
The mean and standard deviations of the difference between EMG onsets times of 
agonist/antagonist pairs (ES and EO, BF and RF, and TA and MG), and the EMG burst durations and peak 
EMG of burst of each muscle will be used to quantify neuromuscular patterns for each trial. The onset and 
offset each muscle activation burst will be estimated with a computer program (MATLAB software, The 
MatWorks Inc, Natick, MA). To identify muscle activity onset, a phase delay reducing Butterworth 50 Hz 
low pass filter will be applied to the signal and a 25 ms sliding window will evaluate the data for a change 
of 3 standard deviations (derived from the 50 ms resting EMG baseline). Computerized onset determination 
has been found to be highly reliable (DeFabio, 1987) and has concurrent validity when compared to visual 
identification of onset using the above parameters (Hodges & Bui, 1996). All EMG data will also be 
visually checked for accuracy of identification, since the accuracy of onset identification may depend on 
the level of signal activity (Hodges & Bui, 1996). A reverse procedure will be used to identify offsets. 
Differences between onsets, burst duration and peak EMG during burst will be calculated. EMG signals 
will be normalized to peak SMIVC for each muscle, prior to determination of peak EMG of bursts.  
Data Analysis: 
 Table 1.8 presents the planned data analysis. For specific aim # 1 (Difference between early and 
late learning) and specific aim # 2 (Nature of transitions) two, one-way repeated measures ANOVAs will 
be used to examine separately the parametric dependent measures for 1) within session differences (early, 
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middle and late acquisition) and for 2) between sessions differences (Sessions 1, 2, and 3). A post hoc 
Tukey‟s HSD test is planned to identify specific differences between means. A χ2 test for independence will 
be used to determine if pattern categories of angle-angle plots are independent of measurement points. For 
specific aim # 3, memory will be examined with a 2 x 5 (recall x trial) two-way repeated measures 
ANOVA; and generalizability will be examined with a 3x 5 (task x epoch) two-way repeated measures 
ANOVA. Post hoc Tukey‟s HSD test will be used to determine differences between the levels for all 
parametric measures. A χ2 test for independence will be used to determine if pattern categories of angle-
angle plots are independent of measurement points. The within session and between session assessments of 
learning are considered to be separate families of tests.  For each analysis, and each family of tests, the 
level of significance is set at α=0.05 and Bonferroni corrections for multiple contrasts will be made for each 
group of measurements as underlined in Table 1.8. To aid in the interpretation of results, a Cohen‟s d effect 
size index will be used with parametric data analysis and a w effect size index will be used with non-
parametric data analysis. 
 
Predicted Outcomes and Future Direction 
 
Predicted Outcomes:  
By measuring postural control at Gentile‟s three levels of skill acquisition during practice of a 
sequential reaching task and during a retention test and the transfer tasks, we expect to show that the 
postural system learns to predict dynamic force interactions within the task. The results will support the 
concept that postural control is a skillful component of functional movement. For Specific Aim #1 it is 
expected that there will be a change in the control of the degrees of freedom of the postural system from 
early to late learning of the reaching task. These changes will be seen by: 1) a gradual improvement in 
postural stability (action-goal level), as measured by smaller and more variable TtB measurements in early 
practice and larger and less variable TtB measurement later in practice; 2) a change in postural muscle 
activation patterns (neuromotor processing level) from increased amplitudes and co-contraction of 
antagonist EMG bursts during early learning to decreased amplitudes and reciprocal activation of 
antagonist EMG bursts in later learning; and 3) a change in postural coordination modes (movement level), 
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measured by a change in relative phase of shoulder-hip and hip ankle angular movement from in-phase 
early and anti-phase later in practice. For Specific Aim #2 it is predicted that gradual changes in postural 
stability, assumed to be control by intrinsic learning processes, will continue after focal task accuracy has 
stabilized, assumed to be controlled under more explicit learning processes. However, postural strategies 
(postural motor and movement equivalences) will transition during a critical period between early and late 
practice.  The critical period will be evident by increased variability in the postural strategies. Postural 
strategies represent the general neuromotor and movement solutions to control the force dynamics, and will 
be attained earlier in practice. Postural stability represents the accuracy of postural system and will require 
more practice for efficient regulation of the available degrees of freedom (Ko et al. 2003). If the different 
rates of skill acquisition are found in the different levels of postural control and the focal task, arguments 
can be made for separate control mechanisms in learning, such as intrinsic and extrinsic mechanisms 
proposed by Gentile (1998). For Specific Aim #3: it is predicted that the memory of postural strategies and 
stability accuracy attained during acquisition will be retained after a 48-hour interval and generalized to the 
sequential reaching task constrained under different conditions, altered arm position or sequence. This 
would indicate that learning in the postural system is maintained in memory and can be transferred to a 
similar postural task.   
Alternative outcomes:  
Five alternative outcomes for postural control are considered below, with potential interpretations. 
1) Postural strategies may emerge very early in practice and remain the same throughout the acquisition 
periods. This would suggest that postural strategies are showing transient adaptation and utilizing 
preexisting strategies as solutions. 2) The accuracy of the postural system could potentially show little 
change, suggesting that the task is not sufficiently challenging. 3) Some individuals‟ postural system may 
be affected by practicing the task, but not others. Individual differences in balance control or in motor 
learning may be lost in group analyses, therefore alternative analysis strategies such as individual 
coordination profiles may be required (Button, Davids & Schöllhorn, 2006). 4) If postural changes appear 
tightly timed to focal task acquisition, it could be argued that the postural system may be acting under a 
single learning mechanism to improve focal accuracy, or that intrinsic learning may be tightly linked to the 
extrinsic goal of the task. 5) Given the previous work on postural control, it is unlikely that no memory of 
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postural control will be attained in this study; however it is possible that participants may not show 
generalizability to the constraints within the transfer task. The transfer tasks may be sufficiently different 
from the learned task, which might challenge the participants‟ postural strategies solutions. This might 
suggest a stronger relationship between postural control and task constraints and supports the use of more 
variable practice of functional reaching activities in individuals with balance deficits. 
Potential Problems: 
Participant injury and loss of confidentiality are areas of concern. Although the risk of any injury 
or loss of confidentiality is very small, several steps will be specifically made to prevent any problems. All 
efforts will be made to ensure that participants understand any risks prior to enrollment. To ensure 
confidentiality during experimental procedures, the motion analysis laboratory will only be accessible to 
the investigator and/or co- investigators. Video tapes and data files will be labeled by subject number only 
and stored in a locked cabinet or password locked in the Peak Motus Program. Before initiation of this 
research, recruitment, consent, experimental and data storage procedures will be reviewed and approved by 
Drexel University Institutional Review Board.  
Time Table:  
Table 1.9 presents a time table for completion of the elements of the proposed study. Specifically, 
it is anticipated that enrollment of participants will begin in August 2006, and data collection will be 
completed in January 2007. Data processing, analysis, and interpretation are expected occur in the spring 
and summer of 2007. Completion of the project and dissemination of results is projected to occur in the fall 
of 2007. The time table was designed in anticipation of any recruitment issues and increased time required 
for processing of the kinematic, kinetic, and EMG data.   
Future Directions:  
This research proposal was designed to determine how learning occurs in the postural system 
during acquisition of a functional task. The experimental procedures developed have many possible 
applications. Of particular interests is the examination of learning within the postural system of individuals 
with known postural deficits or central nervous system disease that affects balance. Presumably, the results 
of such research will have a direct impact on how therapists examine patients during functional activities. 
Comparing postural learning during a functional reaching task in these individuals to a normal population 
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may provide insight for rehabilitation therapists to develop new methods for training individuals with 
postural deficits or other conditions affecting balance during their performance of functional activities. For 
example, individuals with postural deficits may have postural learning problems at all or only one level of 
postural skill acquisition. This knowledge would help therapists focus practice sessions to the level of 
postural control that requires rehabilitation.  
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Table 1.1: A Survey of Research that Examined APA during Arm Tasks. Constraints are Categorized as 
Task, Environmental and Individual Related. 
 Speed Bilateral shoulder flexion 
Unilateral shoulder flexion  
Bilateral arm raise and 
lowering 
De Wolf, Slijper, & Latash (1998) 
Bouisset, Richardson, & Zattara (2000a)  
Woollacott & Manchester (1993) 
Termoz, Martin, & Prince (2004) 
Self paced vs. 
simple reaction 
time (behavioral 
condition) 
Bilateral arm shoulder flexion  
Bilateral elbow flexion  
Unilateral shoulder flexion  
De Wolf, Slijper, & Latash (1998) 
Benvenuti et al (1997) 
Lee, Buchanan, & Rogers (1987) 
Nougier, Teadale, Bard, & Fleury (1999) 
Choice reaction 
or Probability 
knowledge 
 
Bilateral drop load task 
Bilateral push pull task 
Lifting task 
Bilateral drop load task 
Bilateral push pull task 
Slijper, Latash, & Mordkoff (2002) 
Brown & Frank (1987) 
Van Dieen & de Looze (1999) 
Aruin, Shiratori, & Latash (2001) 
Woollacott, Bonnet & Yabe (1984) 
Body or stance 
configuration 
 
Bilateral elbow flexion  
Unilateral shoulder flexion 
 
Unilateral shoulder abduction 
 
Bilateral shoulder flexion 
Benvenuti et al (1997) 
van der Fits, Klip, van Eykern, & Hadders-Algra, 
(1998) 
Vernazza-Martin, Martin, Cincera, Pedotti & 
Massion (1999) ; Slijper & Latash (2000) 
Fujiwara, Toyama & Kunita (2003) 
Gillette & Abbas (2003) 
Bilateral versus 
single arm reach 
Bilateral and unilateral 
shoulder flexion  
Bouissett & Zattara (1981,1987) 
Zattara & Bouissett (1986,1988) 
Direction of 
movement 
Bilateral elbow flexion and 
extension 
Bilateral shoulder flexion to 
various degrees of abduction 
to shoulder extension 
Bilateral shoulder flexion and 
extension 
Drop load, catch, and shoulder 
flexion and abduction tasks 
Friedli, Hallet, & Simon (1984) Friedli, Cohen, 
Hallet, Stanhope & Simon (1988)  
Aruin & Latash (1995)  
Hodges, Cresswell, & Thorstensson (1999)  
Hodges, Cresswell, Daggfedt & Thorstensson 
(2000) 
Patla, Ishac & Winter (2002) 
Aruin, Oto, & Latash (2001) 
Environ-
mental 
Additional load Unilateral shoulder flexion  
 
Bilateral shoulder flexion  
Bilateral elbow flexion  
Unilateral Shoulder abduction 
Unilateral shoulder flexion 
Bouisset & Zattara (1981, 1987) 
Zattara & Bouisset (1986, 1988) 
Patla et al (2002)  
Benvenuti et al (1997)  
Verazza-Martin et al (1999)  
Bouisset et al (2000a; 2000b) 
Support surface Push and pull task 
Single shoulder flexion 
Object drop task 
Cordo & Nasher (1982)  
Gantchev& Dimitrova (1996)  
Aruin, Forrest, & Latash (1998) 
Target 
configuration 
Unilateral shoulder flexion 
Bilateral shoulder flexion 
Shoulder flexion, abduction 
Sagittal plane arm movements 
Kaminski & Simpkins (2001) 
Tyler & Karst (2004)  
Streepey, & Angulo-Kinzler (2002) Bonnetblanc, 
Martin, & Teasdale (2004) 
Individual Age Unilateral shoulder flexion 
Bilateral shoulder flexion 
Woollacott & Manchester (1993) 
Hay & Redon (2001) 
Fatigue Unilateral shoulder flexion 
Unilateral shoulder flexion 
Vuillerme, Nougier, & Teasdale (2002) 
Allison & Henry (2002) 
Mood Unilateral shoulder flexion Kitaoka, Ito, Araki, Sei, & Morita (2004) 
Disease (MS, 
Hemiplegia) 
Unilateral arm reach 
Reaching 
Drop task 
Karst, Venema, Roehrs, & Tyler (2005) 
Dickstein, Shefi, Marcovitz, & Villa (2004) 
Slijper, Latash, Rao, & Aruin (2002) 
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Table 1.2: Data Analysis of COP Measures: mean (SD) and F-values and Effect Size (d) for Peak to Peak 
COP Displacements, COP Velocities, TtB and DtB Measures by Task Variations: Arm and Target Height 
in Anterior, Posterior and Right and Left Directions. 
COP Measure Arm variation 
F 
(1,5) P 
Effect 
(d) Target Height F(2,5) P 
Effect 
(d) 
  Unilateral bilateral       A B C       
Peak to Peak 
COPap 
1.77 
(0.70) 
2.25 
(0.72) 
5.56 0.065 0.68 
1.98 
(0.67) 
2.13 
(0.68) 
1.93 
(0.81) 
0.14 0.72 0.27 
Peak to Peak 
COPrl 
1.44 
(0.90) 
0.90 
(0.39) 
3.67 0.114 0.84 
1.23 
(0.94) 
1.15 
(0.64) 
1.05 
(0.66) 
4.00 0.102 0.23 
centimeters 
           
Max COPa 
velocity 
5.01 
(1.56) 
6.22 
(1.51) 
3.51 0.12 0.51 
5.90 
(2.98) 
5.71 
(2.20) 
5.24 
(2.12) 
1.30 0.305 0.26 
Max COPp 
velocity 
4.33 
(1.03) 
5.98 
(1.12) 
205 <0.01 0.92 
5.06 
(1.65) 
5.59 
(2.18) 
4.81 
(2.09) 
0.45 0.531 0.36 
Max COPl velocity 
4.66 
(3.02) 
3.24 
(2.48) 
16.55 0.01 0.51 
4.08 
(3.28) 
4.30 
(2.97) 
3.47 
(2.21) 
4.74 0.081 0.33 
Max COPr velocity 
5.12 
(3.37) 
4.19 
(1.45) 
0.75 0.427 0.45 
4.99 
(4.1) 
4.56 
(2.4) 
4.41 
(2.7) 
0.46 0.528 0.17 
Cm/seconds                       
TtBa 
4.00 
(2.00) 
2.87 
(0.84) 
7.52 0.041 0.8 
3.33 
(1.31) 
3.40 
(1.69) 
3.5 
(1.91) 
0.71 0.437 0.11 
TtBp 
2.90 
(0.96) 
2.23 
(0.94) 
43.11 <0.01 0.71 
2.55 
(0.80) 
2.31 
(0.81) 
2.82 
(1.29) 
1.41 0.28 0.49 
TtBl 
5.18 
(2.56) 
7.6 
(3.51) 
17.65 0.01 0.79 
6.09 
(3.03) 
6.04 
(3.33) 
7.03 
(3.51) 
29.73 0.003 0.29 
TtBr 
4.58 
(1.93) 
5.16 
(1.92) 
3.28 0.13 0.31 
4.77 
(1.93) 
4.77 
(2.01) 
5.07 
(1.92) 
0.55 0.493 0.15 
Seconds 
           
MDBa 
15.7  
(1.16) 
15.0 
 (1.26) 
9.04 0.03 0.56 
15.3  
(1.34) 
15.3 
(1.29) 
15.4 
 (1.12) 
0.67 0.44 0.13 
MDBp 
10.1 
(1.81) 
10.2  
(1.60) 
0.39 0.56 0.06 
10.1 
 (1.76) 
10.2  
(1.66) 
10.1  
(1.74) 
0.14 0.79 0.06 
MDTBl 
17.87 
(2.35) 
18.1  
(2.62) 
2.56 0.17 0.16 
17.8  
(2.44) 
17.9  
(2.46) 
18.0  
(2.62) 
1.01 0.36 0.08 
MDTBr 
17.2 
 (1.48) 
17.2  
(1.43) 
0.1 0.77 0 
17.2  
(1.51) 
17.2  
(1.49) 
17.2  
(1.38) 
0.05 0.837 0 
     Centimeters 
Note: a = anterior, p = posterior, l = left, r= right; CO= Center of pressure; TtB = Time to Boundary; DtB = Distance to Boundary 
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Table 1.3:  Data Analysis of Joint Relationships: Means and Standard Deviations (SD), F values and Effect 
Size (d) of MARP Values: Values are Given for Each Joint Dynamic and Movement Direction by Task 
Variations: Arm and Target Height  
Joint Movement Arm variation F (1,4) p 
Effect 
(d) 
Target Height F(2,4) p 
Effect 
(d) 
dynamic Direction Unilateral bilateral 
   
A B C 
   
SHi  UP 
83.58  
(14.23) 
105.04  
(7.51)  7.82 <0.05 2.01 
111.63  
(9.63) 
96.07  
(12.17) 
75.51 
(11.51) 38.75** <0.01 3.42 
SHc UP 
187.30  
(7.42) 
103.18  
(10.81) 59.62** <0.01 9.22 
155.97  
(4.69) 
148.98  
(9.17) 
130.77 
(10.38) 8.73 0.04 3.34 
HAi UP 
149.05 
 (6.72) 
131.74 
 (7.75)  8.27 <0.05 2.39 
138.45  
(8.82) 
148.95  
(8.90) 
133.89 
(6.43) 0.20 0.68 1.97 
HAc UP 
83.40  
(5.16)  
134.47  
(12.16) 41.81** <0.01 5.9 
101.43  
(10.85) 
109.63  
(11.75) 
115.75 
(5.66) 1.90 0.33 1.73 
SHi  Down 
140.29  
(30.28) 
170.26  
(19.44) 2.72 0.18 1.21 
166.19  
(19.52) 
157.64 
 (23.59) 
142.00 
(30.01) 2.74 0.17 0.98 
SHc Down 
135.88  
(9.28) 
158.34  
(21.17) 2.39 0.20 1.48 
155.62  
(12.56) 
152.55  
(13.85) 
131.66 
(19.33) 6.20 0.07 1.5 
HAi Down 
136.60  
(11.72) 
139.71  
(6.09) 0.45 0.84 0.35 
160.51 
 (10.80) 
123.39  
(7.56) 
130.57 
(10.96) 2.79 0.17 3.41 
HAc Down 
116.05 
 (10.57) 
113.99  
    (11.32) 1.52 0.29 0.19 
144.01  
(18.80) 
123.69  
(6.01) 
113.37 
(6.66) 3.32 0.14 2.41 
 ** Significant for <0.01 
Note: Joint dynamics: ipsi-lateral shoulder-hip (SHi); contra-lateral shoulder-hip (SHc); ipsi-lateral hip-
ankle (HAi); contra-lateral hip-ankle (HAc) 
 
  
40 
 
 
 
Table 1.4: Data Analysis of Initial Muscle Activation Onsets: Mean (Standard Deviations), and F values of 
Initial Muscle Activation Onsets for Ipsi- and Contra-lateral Erecter Spinea (ES) and Biceps Femoris (BF) 
Displayed by Arm and Target Conditions 
 Arm Condition F(1,2) P Target Condition F(1,2) P 
Muscle unilateral Bilateral   A B C   
ESi 
55.94 
(262.82) 
-15.74 
(55.38) 
3.87 0.052 
43.75 
(288.02) 
32.60 
(115.5) 
-16.07 
(118.16) 
1.02 0.366 
ESc 
-13.97 
(110.99) 
-13.27 
(76.45) 
< 1.0 0.99 
-19.42 
(77.17) 
-6.48 
(58.85) 
-14.97 
(134.12) 
< 1.0 0.84 
BFi 
-61.95 
(87.54) 
-5.25 
(134.87) 
2.29 0.143 
-40.02 
(106.16) 
-15.20 
(114.82) 
-42.65 
(129576) 
<1.0 0.77 
BFc 
104.53 
(145.95) 
-43.17 
(166.04) 
23.79 <0.001 
42.96 
(136.66) 
22.16 
(206.38) 
26.90 
(167.99) 
< 1.0 0.84 
Measurements in milliseconds calculated from onset of Anterior Deltoid (DA) muscle. 
All negative values occur before DA onset.  All positive numbers occur after DA onset. 
Note: for BFi muscle analysis; n =5, all other muscle groups n = 6 
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Table 1.5: Time Line and Measurement Points for Postural Learning Study 
 
 
  
Acquisition: Specific Aims 1 and 2 
Retention 
interval 
Memory and 
Generalizability: 
Specific Aims 3 
Session 1 Rest Session 2 Rest Session 3  Session 4 
100 practice 
trials 
Measurements 
Early  
trials 6-15  
Middle 
trials 46-55 
Late  
trials 86-95 
12-36 
hours 
100 Practice 
trials 
Measurements 
Early  
trials 6-15  
Middle 
trials 46-55 
Late  
trials 86-95 
12-36 
hours 
100 practice 
trials 
Measurements 
Early  
trials 6-15 
Middle 
trials 46-55 
Late  
trials 86-95 
36 –72 
hours 
Retention trials  
 Free recall 1-5 
Cued recall 1-5 
Transfer trials 
New sequence trials 1-10 
Supinated arm trials 1-10 
L - grip trials 1-10 
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Table 1.6: Determination of Sample Size: Based on One Way (Three Levels) Repeated Measures ANOVA 
Power Analyses for Mean Absolute Relative Phase (MARP) and Time to Boundary (TtB). 
Dependent 
variable 
Lowest 
meaningful 
difference 
Standard 
deviation 
(SD)  
Effect 
Size 
(d) 
Within 
group 
correlations 
(r) 
Alpha 
(α) 
Power 
(1-β) 
 
Sample 
Size 
(n) 
Adjusted 
Sample 
Size 
(n + 0.4n) 
MARP 25  15.49  1.21 0.40 0.05 0.89 5 7 
TtB 1  0.77  0.53 0.40 0.05 0.82 14 20 
 
MARP measured in degrees 
TtB measured in seconds 
Adjusted sample size calculated for MARP: 5 x 0.40 = 2; 5 + 2 = 7 
Adjusted sample size calculated for TtB: 14 x 0.40 = 5.6; (5.6 rounded to 6); 14 + 6 = 20  
Lowest meaningful difference, SD, and effect size estimated form (Galgon and Shewokis, in preparation). 
Power analyses performed using PASS, 2002 software (Kaysville, Utah). 
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Table 1.7: Electrode Placement, Palpation, and Position and Action of Submaximal Isometric Voluntary 
Contraction for each Muscle. 
Muscle  Electrode Placement Muscle palpation Isometric Voluntary 
contraction* 
Position and Action 
Anterior 
Deltoid (DA) 
~ ¼ the distance of line from 
anterior acromion to medial 
epicondyle;  
(Soderberg, 1992, Konrad, 
2005) 
Sitting: resisted 
forward 
elevation of 
shoulder 
Sitting, hold arm in 90 
degrees shoulder forward 
elevation 
Posterior  
Deltoid (PA) 
~1/4 distance of line from 
posterior acromion to medial 
epicondyle 
(Konrad, 2005) 
Sitting: resisted 
extension of 
shoulder 
Sitting, holder arm at 45 
degrees of shoulder 
extension 
Erector spinae 
(ES) 
3 cm lateral to midline, 
centered at L2 level of spine 
(Cholewicke et al,1996; 
Silfies et al, 2005) 
Standing: 
forward trunk 
flexion 
Standing: ~20 percent of 
forward trunk flexion with 
pelvis stabilized 
External 
Oblique (EO) 
15 centimeters lateral from 
the umbilicus  
(Cholewicke et al, 1996; 
Silfies et al, 2005) 
Hook lying: 
abdominal 
crunch with 
trunk rotation 
Hook lying: gravity 
resisted abdominal crunch 
with trunk rotation. 
Scapular clears surface 
Biceps 
Femoris (BF) 
~ ½ the distance along line 
from ishial tubercle to head 
of the fibula 
(SMALnet 
standardized protocol) 
Prone: resisted 
knee flexion in 
slight hip  lateral 
rotation hip 
Prone: knee flexion to 45 
degrees with slight hip 
lateral rotation  
Rectus 
Femoris (RF) 
~ ½ the distance on line form 
ASIS to mid superior aspect 
of the  patella 
(SMALnet 
standardized protocol, 2002) 
Supine: resisted 
hip flexion 
(Straight leg 
raise) 
Supine: hip flexion to 45 
degrees (straight leg raise) 
Anterior 
Tibialis (TA) 
~ 1/3 the distance of line 
from lower margin of patella 
to lateral ankle 
(Soderber, 1992; SMALnet 
standardized protocol, 2002) 
Sitting: knees 
flexed resisted 
ankle dorsi 
flexion  
Sitting: L knees flexed 
ankle flexion 
Medial 
Gastrocnemius 
(MG) 
~ 1/3 the distance of line 
from medial femoral condyle 
to base of the calcaneous 
(Soderber, 1992; SMALnet 
standardized protocol, 2002) 
Sitting: knee 
flexed resisted 
PF 
Standing: bilateral toe 
raise. 
*For submaximal isometric voluntary contraction: participants will attain position and hold for 5 seconds.  
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Table 1.8: Plan for Data Analysis: The analysis plan is given for each specific aim. The measures in each 
category that are expected to be effected by practice (underlined) were used for Bonferroni corrections. 
Specific 
Aim 
Level of Measurement 
Measure (s) 
Phase 
Measurement points 
Statistical Comparison 
Test:  (α level with 
Bonferroni corrections) 
Effec
t size 
index 
Specific 
aim 1: 
Differen
ce 
between 
early 
and late  
learning  
Postural dynamic Control of stability:  
Minimal Time to Boundary: mean (SD) 
Distance to Boundary: mean (SD) 
Anterior and posterior directions 
Acquisition 
1) Within session - 
Early, Middle, Late  
2) Between 
sessions- 1, 2, and 3 
Two One way repeated 
ANOVAs: Each test has 
three levels.  
(α = 0.05/2 =0.025) 
Tukey‟s HSD 
d = 
 
 
 
Postural neuromotor control: EMG 
Mean (SD) burst durations (6 muscles) 
Mean (SD) amplitude of burst (6 muscles) 
Mean (SD) onset difference between 
agonist/antagonist pairs (3 pairs)** 
Acquisition 
1) Within session  - 
Early, Middle, Late  
2) Between 
sessions- 1, 2, 3. 
Same analysis as above 
(α=0.05/3 = 0.017)  
d = 
 
 
 
Postural movement control:  
Shoulder-hip and hip-ankle 
Mean absolute relative phase  
Deviation phase:  
Patterns from angle-angle plots: 
Acquisition 
1) Within session - 
Early, Middle,Late  
2) Between 
sessions- 1, 2, 3. 
Same analysis as above 
(α = 0.05/4 = 0.0125) 
 
χ2 for independence  
d = 
 
 
 
w = 
Specific 
aims 2: 
Nature 
of transi 
-tions 
Focal task accuracy(Action goal): 
% of Max Hand velocity  
Constant Error  
Variable error 
Acquisition 
All measurements 
on Sessions 1-3 
Same analysis as above 
 
 (α = 0.05/2 = 0.025)  
d = 
Postural dynamic Control of stability 
(Action goal): 
Minimal Time to Boundary  
Distance to Boundary 
Anterior and Posterior 
Acquisition:  
All measurements 
on Sessions 1-3 
Same analysis as above 
(α = 0.05/2 = 0.025)  
d = 
Postural movement control:  
Shoulder-hip and hip-ankle 
Mean absolute relative phase  
Deviation phase:  
Patterns from angle-angle plots:  
Acquisition 
All measurements 
on Sessions 1-3 
Same analysis as above 
(α = 0.05/4 = 0.0125) 
 
χ2 for independence 
d = 
 
 
 
w = 
Postural neuromotor control: EMG 
Mean (SD) burst durations (6 muscles) 
Mean (SD) amplitude of burst (6 muscles) 
Mean (SD) onset difference between 
agonist/antagonist pairs (3 pairs)  
Acquisition  
All measurements 
on Sessions 1-3 
Same analysis as above 
(α=0.05/3 =0.017)  
d = 
Specific 
aim 3: 
Memory 
and 
Generali
-zability 
 
Postural dynamic control of stability 
(Action goal): 
Minimal Time to Boundary  
Distance to Boundary  
Anterior and Posterior 
Retention:Free 
Cued and recall 
Memory:2 arm 
position,1 altered 
sequence 
2x5 (recall x trial) two-
way ANOVA 
3x5 (task x epoch)  two 
way ANOVA (α = 
0.05/2 = 0.025) Tukey‟s 
HSD 
d = 
Postural movement control:  
Shoulder-hip and hip-ankle 
Mean absolute relative phase  
Deviation phase:  
Patterns from angle-angle plots 
Retention: Free and 
Cued recall 
Memory:2 arm 
position,1 altered 
sequence 
Same analysis as above  
 (α = 0.05/4 = 0.0125)  
 
χ2 for independence 
d = 
 
 
 
w = 
Postural neuromotor control: EMG 
Mean (SD) burst durations (6 muscles) 
Mean (SD) amplitude of burst (6 muscles) 
Mean (SD) onset difference between 
agonist/antagonist pairs (3 pairs)  
Retention: Free and 
Cued recall 
Memory:2 arm 
position,1 altered 
sequence 
Same analysis as above 
(α=0.05/3 = 0.017)  
d = 
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Table 1.9: Time Table for Completion of Research Proposal  
 
 
 
  
  
Year 2006 2007 
Month J J A S O N D J F M A M J J A S O N D 
Task :                    
Proposal and Revisions X X                  
IRB Protocol 
Submission 
X X                  
Recruitment  X X X X X X X            
Participant Enrollment  
(numbers) 
 2 2 4 4 4 2 2            
Data Collection   X X X X X X            
Data Processing   X X X X X X X X X         
Statistical Analysis          X X X X       
Interpretation of 
Results 
        X X X X X X X X X X X 
Drafts to Advisor        X X X X X X X X X    
Draft to Committee              X X X    
Defense of Dissertation               X X    
Dissemination of 
Results 
              X X X X X 
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Figure 1.1: Typical COPap (cm) and COPml (cm) positional time series during unilateral and bilateral  
reaching to the middle target. The vertical lines separate upward and downward components of the arm 
movement. Peak to Peak COPap displacement is calculated form the difference between peak posterior and 
anterior positions (marked arrows). 
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Figure 1.2: Examples of COP velocity (cm/sec) changes during unilateral and bilateral reaching to the 
middle target. Vertical lines separate upward and downward arm movements. Maximal velocity in each 
direction was examined for task condition effects. 
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Figure 1.3: Examples of shoulder-hip angle-angle plots. The parabolic pattern is represented in the upward 
arm movement (solid line) in all four plots. Downward arm movements (broken line) display a) anti-phase 
or downward slope, b) inverse-parabolic pattern, c) in-phase or positive slope, and d) a flat line.  
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Figure 1.4: Shoulder-hip angle-angle plots for one participant reaching to the middle targets using 
unilateral and bilateral arms conditions. The top plots are ipsi-lateral shoulder hip relationships and the 
bottom plots are for contra-lateral shoulder hip relationships. Solid lines represent upward movements and 
dotted lines represent downward movements. 
 
 
 
  
50 
 
 
 
 
 
           
 
Figure 1.5a-d: Method for calculating relative phase: a) and b) shoulder and hip phase plane portraits 
during the upward (solid line) and downward movements (broken line); c) shoulder and hip phase angles 
and d) relative phase between the two joints (vertical lines separate upward and downward movements. 
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Figure 1.6: Kinematic marker placements: Markers are placed bilaterally for the head, shoulder, elbow, 
wrist, pelvis, hip, knee, ankle and foot (only right sided markers are labeled in figure). 
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Figure 1.7: Electrode placements 
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Figure 1.8: Representation of a participant performing a reaching task in the experimental set up. The 
participant is standing of force plate with reflective markers, and EMG electrodes, leads, back pack in 
place. Person is reaching for targets on the LED Board. 
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Figure 1.9: Representation of the foot position on the force plate, force plate coordinate system axis, and 
global coordinate system axis. Larger COP values in the x plane are more anterior and larger COP values in 
the y plane are more to the left.  
 
 
x 
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x 
y 
Force Plate Coordinate System 
Global 
Coordinate 
System 
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a) 
 
b) 
 
 
 
Figure 1.10 a-b: Method for calculating anterior TtB from center of pressure (COP) data: a) Foot position 
was marked and functional boundaries were determined from the average position of COP in a 10 second 
anterior lean (posterior lean for posterior functional boundary) prior to the experiment. For the practice 
trials, the COP distance (Di) to the anterior functional boundary was divided by the COP velocity (Vxi), at 
each iteration, to create a time to boundary time series; b) When the COP is moving toward the anterior 
boundary (data points marked grey), the minimal points (data points marked black) along the times series 
were averaged across the trial to get the TtB for the trial. 
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Figure 1.11: Schematic for electromyography signal collection and processing 
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Chapter 2: Changes in relative postural stability during acquisition of a serial reaching task 
 
Abstract 
 
Postural control acquired during learning functional reaching movements has not been well 
examined. Fourteen healthy adults practiced a serial reaching task 300 times. The acquisition of the task 
was examined considering two action-goals (Gentle, 2000): hand accuracy and consistency as the focal 
action-goals and relative postural stability as the postural action-goal. Hand accuracy and consistency was 
measured as absolute constant error and variable error. Postural stability was measured by Time to 
Boundary. Improvements were expected in the focal goal and postural goal; however timing of 
improvements would reflect explicit and implicit learning processes. Practice effects resulted in 
improvements for hand task accuracy, consistency and relative postural stability. Changes in the control of 
postural stability may reflect improved efficiency or improved perception-action coupling by the postural 
system within task performance.   
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Introduction 
 
We investigated changes in postural stability associated with practicing a novel serial reaching 
task. Previous postural control research examining anticipatory postural adjustments (APA) occurring prior 
to discrete focal arm movements suggests that postural behavior is flexible and may be skillful (Horak, 
Henry, Shumway-Cook, 1997), because the postural system must account for complex interactions and 
cannot operate under solely invariant control mechanisms. APA behavior is modified by constraints within 
tasks (e.g. Benvenuti, Stanhope, Thomas, Panzer, & Hallett, 1997; De Wolf, Slijper, & Latash, 1998), 
environments (e.g. Kaminski, & Simpkins, 2001; Cordo & Nashner, 1982), and individuals (e.g. Hey & 
Redon, 2001). Constraints that influence arm movement APAs include changes in center of pressure (COP) 
displacement (Benvenuti et al, 1997; De Wolf et al, 1998; Hey & Redon, 2001),  center of mass (COM) 
displacement (Kaminski & Simpkins, 2001), joint angle movement latencies (Benvenuti et al, 1997), 
muscle activation latencies and duration (Benvenuti et al, 1997; Cordo & Nashner, 1982), and agonist-
antagonist muscle relative timing and amplitude (Benvenuti et al, 1997). If the postural system is skillful, 
postural regulation during motor activities must be learned through repeated experiences or practice 
(Schmidt & Lee, 2005).  Postural system behavior changes with practice. Reduced postural responses occur 
when individuals are exposed to repeated discrete (Horak, Diener, & Nashner, 1989) and sinusoidal surface 
translations (Ko, Challis & Newell, 2003), or when individuals learn to pull a load (Patten, Lee, & Pai, 
2000). Individuals learn to configure their postural segments to create novel coordination modes (Faugloire, 
Bardy, & Stoffregen, 2006). The previous  research provides limited insight into postural learning because 
participants had low amounts of practice and primarily focused on maintaining balance (Horak et al, 1989; 
Ko et al, 2003; Sveistrup, & Woollacott, 1997) or controlling postural segments (Faugloire et al, 2006).We 
attempted to address both of these limitations by having  participants practice an externally-focused 
reaching task for longer durations. 
Postural learning studies with discrete tasks had short trial durations and practice durations 
ranging from 200 (Horak et al, 1989) to 864 seconds (Patton et al, 2000). Studies with continuous tasks had 
low repetitions with practice durations ranging from 450 (Ko, et al, 2003) to 1260 seconds (Wulf, Hob, & 
Prince, 1998). Postural changes reported in these studies may represent “transient adaptability” (Zanone, & 
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Kostrubiec, 2004) of the postural system rather than learning. Ko et al. (2003) found that when participants 
were exposed to a repeated surface translation task, COP displacement reduced across acquisition and 
during a retention session. Since COP displacement did not stabilize, presumably there was an insufficient 
amount of practice to assess learning. In the present experiment, participants were exposed to over 5000 
seconds of practice. With longer practice durations, there would be performance improvements in the focal 
reaching task and postural stability.  
A serial reaching task was created to examine postural learning. In most functional tasks 
individuals do not concentrate on posture, but focus on their interaction with the environment. Examining 
the changes in postural control while individuals learn an externally-focused reaching task supports a 
skillful postural system perspective. External focus, compared to an internal focus, improves retention of 
postural tasks and enhances motor learning in a variety of motor tasks (Wulf et al, 1998). One study has 
suggested learning in the postural system when adults were trained to perform a discrete upper extremity 
pulling task (Patton et al, 2000). A serial reaching task is ideal for studying learning with adults because it 
is sufficiently novel and complex, and allows for the examination of two parallel processes, “explicit” and 
“implicit” learning (Gentile, 2000). Explicit learning involves the conscious shaping of movement to the 
regulatory features in the environment to improve accuracy (Gentile, 2000) and may be associated with fast 
learning involving central nervous system (CNS) processes that select an optimal strategy to perform a task 
(Karni, Meyer, Rey-Hipolito, Jezzard, Adams, et al, 1998).  Implicit learning relates to the refinement of 
movement dynamics to improve efficiency (Gentile, 2000) and requires more practice, because it utilizes 
slower learning processes, such as structural modification of neural sensorimotor connections (Karni et al, 
1998). Because the participants focused on goal-directed reaching during practice, we propose that learning 
the sequence and matching arm movements to the regulatory cues in the environment involved greater 
explicit learning while improvements in postural efficiency involved greater implicit learning processes. 
Therefore, arm movement performance would improve earlier during practice and postural control changes 
would occur gradually across practice. Studying postural control over longer practice durations is essential 
to demonstrate fast and slow learning processes. 
60 
Our investigation highlights the relationship between learning two “action-goals” (Gentile, 2000) 
within the serial reaching task. An action-goal is the observable outcome to be learned with skill defined as 
the consistent attainment of the action-goal (Gentle, 2000). The focal action-goal was defined as the 
accurate and consistent matching of hands to visual targets presented in a prescribed sequence. The postural 
action-goal was an improvement in “relative stability” (Patton et al, 2000) and was measured by Time to 
Boundary (TtB) (Riccio, 1993; van Emmerik & van Wegen, 2002) and the standard deviation (SD) of TtB 
(Patten et al, 2000; van Emmerik & van Wegen, 2002), which is derived from the distance of COP to the 
boundary of the base of support (BOS) or the limits of stability, and COP velocity (van Emmerik & van 
Wegen, 2002; van Wegen, van Emmerik, & Riccio, 2002). Since TtB measures COP in reference to a 
stability boundary, it represents how stable an individual is within their environment (Patton et al, 2000). 
The minimal TtB represents the “spatio-temporal safety margin” (van Wegen et al, 2002; Slobounov, Moss, 
Slobounova, & Newell, 1998) from an unstable condition and assumes perception-action postural control 
within the CNS (Patten et al, 2000; Riccio, 1993). By selecting the TtB measure, we did not assume 
postural control is exclusively related to arm movements in the serial task as in APA research (e.g. 
Benvenuti et al, 1997; De Wolf et al, 1998), but that there is both active and passive movements of COP 
(Patla, Ishac, & Winter, 2002) and the active control occurs when COP approaches the stability limits.   
Our purpose was to demonstrate improvement in relative postural stability from early to late 
practice of a goal-directed reaching task. Secondarily, we examined the relationship of timing 
improvements in the focal and the postural action-goals, which may reveal explicit and implicit learning 
processes. Our hypotheses were: 1) hand accuracy and consistency will improve across the acquisition 
period and will show more rapid improvements early in practice, and 2) relative postural stability would 
show more gradual improvements across practice.  
Method 
 
Participants and Preparation  
Twenty-five young healthy adults consented to participate. Participants between 18-49 years were 
included.  Participants were excluded, if they were be unable to easily perform the required activities, could 
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not attend all experimental sessions, or had any disorder that may affect their performance, such as an acute 
or chronic muscular skeletal condition, a vestibular or other neurological disorder. Prior to recruitment, 
institutional review board approval was obtained. Three participants did not continue after the first session 
and 8 participants‟ data were not analyzed due to data collection and equipment errors. The final analysis 
included data from 14 participants (12 females and 2 males; mean age of 25 + 3 years; mean shoulder 
height of 142.2+ 7.6 centimeters; mean weight of 71.7 + 16.8 kilograms). All participants were right hand 
dominant (mean 85 + 13 on the Edinburgh Handedness Inventory, Oldfield, 1971).  
Participants shoulder height and arm lengths were measured to standardize reaching target 
positions. Participants grasped a wooden rod with reflective markers placed on the ends to indicate hand 
position (Patla et al, 2002). They stood without shoes on a force plate in a comfortable position, facing a 
light emitting diode (LED) board (Figure 2.1). Foot positions were marked to ensure that participants 
returned to the same location between trials and sessions.  
Instrumentation 
An LED board (David Solomon, Department of Neurology, Hopkins), a large plywood board 
mounted to a rolling frame with embedded LEDs target, was used to direct the arm movements.  Timing 
programs (Labview 5.02 software, National Instruments) operated the LED board. To detect each target 
onset, a five volt signal was input into a Peak System‟s 12-bit A-to-D unit (Peak Performance 
Technologies, Centennial, CO.). The LED board was positioned one arm‟s length plus 25.4 centimeters in 
front of the participants. Three LED targets were arranged vertically with the middle target (B) at the height 
of the participant‟s shoulder and the other targets 17 centimeters above (A) and below (C) (Figure 2.1).  
Four Peak cameras collected three-dimensional kinematic data at 60 Hz and were recorded onto 
VHS tapes to determine target and hand positions. Marker images were captured, digitized and smoothed 
with a 6 Hz, 4
th
 order Butterworth low pass filter in Peak Motus.  
An AMTI force plate (Model OR6-7 1000, Watertown, MA) collected forces (Fx, Fy, and Fz) and 
moments (Mx, My, and Mz). Signals were processed through an AMTI amplifier (Model SGAG-A) with a 
gain of 4000, voltage of  +10 volts, 1050 Hz low pass filter and a Peak 12 bit A-to-D interface unit. Signals 
were initially sampled at 1200 Hz, then down sampled to 60 Hz to match kinematic data and filtered with a 
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6 Hz, 4
th
 order zero-lag, Butterworth low pass filter in Peak Motus. Anterior-posterior COP was calculated 
as:  COPx = - (My + Fx*dz)/Fz. (Winter, 2005). COP velocities were calculated using the central 
difference method and smoothed with the filter. 
Experimental Procedure:  
During the first session, participants performed two 10-second standing leaning trials (forward and 
backward) to establish functional stability boundaries (Slobounov et al, 1998; Holbein & Redfern, 1997). 
Practice trials were performed in the following manner. Each participant stood with their elbows fully 
extended, forearms pronated, hands resting on the thighs, and grasping the rod (Patla et al, 2002). A “get 
ready” tone sounded was followed by lighting of target B, and the participant moved their hands to the 
level of the target B. A 15 step sequence, using targets A, B and C, was presented at 1-second intervals 
(Figure 2.2). Each trial started and ended with the same arm positions and a tone signaled that the trial 
ended. Participants practiced the sequence 100 times, rested 30 seconds between trials and 1-3 minutes 
between ten-trial blocks. Prior to each block, the instructions were given: “Match the rod to the level of 
each target as fast as possible after the light turns on.” Feedback was not provided. Participants practiced 
100 trials on two additional sessions (consecutive days). The average time between practice sessions was 
20:39 hrs:mins (+ 4:13). 
Data Reduction:  
Kinematic vertical hand and target positions (z) determined hand accuracy and consistency, using 
equations for two dimensional absolute constant error (ACE) and variable error (VE)8 within each target 
interval: ACE = Σ |(zhi – zt)|/n, and VE = [Σ (zhi – mean zh)
2
/n]
1/2
, where zh is hand height, zt is target 
height, i is each iteration and n is the number of data points within the target interval. ACE and VE were 
attained from average values across each target interval. 
Anterior and posterior functional stability boundaries were determined from the average COP 
position during the 10-second anterior and posterior leaning trials. Functional boundaries, as opposed to 
geometric boundaries (BOS) were used, because in most standing activities COP does not approximate the 
geometric boundaries (Slobounov, Moss, Slobounova & Newell, 1998; Holbein & Redfern, 1997). TtB was 
calculated to each boundary separately. Distance to boundary was calculated as the instantaneous difference 
between the COP position and each boundary. Instantaneous distances were divided by instantaneous 
63 
velocities to obtain a TtB time series (van Wegen, van Emmerik & Riccio, 2002) (Figure 2.2a-b). Minima 
in the TtB series, when the COP was moving toward the boundary, were averaged to obtain anterior and 
posterior TtB. SD of TtB was calculated as the variability of ten trials at each measurement point. 
Data Analysis:  
A repeated measures design examined performances across practice. Each variable was calculated 
as the average of 10 trials for early (trials 6-15), middle (trials 46-55), and late (trials 86-95) practice during 
each session. Two-way (3 x 3) ANOVAs with repeated measures on both factors examined the effect of 
practice on within session (early, middle and late) and between session (S1, S2 and S3) differences for each 
variable with α = 0.05. Greenhouse-Geisser corrections were used for violations of sphericity. Effect size 
was Cohen‟s d (Potvin & Schulz, 2000) and 95% confidence intervals (CI) of Cohen‟s d (Smithson, 2003). 
Correlations were calculated for between session (S1 and S2, S2 and S3) and within session (early and 
middle, and middle and late).  
Results 
 
Hand accuracy and consistency  
Figure 2.3 illustrates performance of hand movements in relationship to the targets for two 
participants during ten trials early and late in practice and demonstrates improvements in hand accuracy 
and consistency. An interaction effect was found for ACE (F2.53, 32.95 = 8.24, p <0.025). Main effects were 
found for practice within sessions on ACE (F1.3, 16.88 = 10.60, p <0.025) and VE (F 2, 26 = 13.83, p <0.025) 
and between sessions for ACE (F2,26  = 36.11, p <0.025) and VE (F 1.41, 18.33 = 16.27, p <0.025). Mean values 
of ACE and VE decreased across all measurement points, except during session three between the middle 
and late points (Figure 2.4a-b). Practice effects were large for ACE (d = 2.42, 95% CI = [1.07, 2.92]) and 
were moderate to large for VE (d = 1.44, 95% CI = [0.67, 2.19]).  The relationship for ACE and VE, when 
comparing the between and within session correlations were moderate to strong (r = 0.60 to 0.94, Table 
2.1). 
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Relative postural stability: 
Main effects were found for practice within sessions on anterior TtB (F 2, 26 = 13.83, p <0.01) and 
between sessions on anterior TtB (F 2, 26 = 11.89, p<0.01) and posterior TtB (F 2, 26 = 5.52, p <0.01). Practice 
effects were large for anterior TtB (d = 1.29, 95% CI = [0.86, 2.52]) and small for posterior TtB (d = 0.24, 
95% CI = [-0.03, 1.09]). Means and SD for anterior and posterior TtB are presented in Figure 4c. 
Correlations between and within sessions were strong for all TtB measurements (r = 0.82 to 0.99).  
A practice main effect was found for between sessions SD of anterior TtB (F 1.42, 18.4 = 4.16, 
p = 0.04) with  significant differences between the average SD of anterior TtB from session 2 to sessions 1 
and 3 with the most variability during early and middle session 2 (Figure 2.4d). There was a small to large 
effect for SD of anterior TtB (d = 0.66, 95% CI = [-0.13, 0.96]) and moderate associations between SD of 
posterior TtB values for between sessions 2 and 3 (r = 0.62) and within sessions middle and late practice 
(r = 0.58).  
Discussion 
 
Practice Duration: 
Since our sequential reaching task was practiced substantially more than in previous investigations 
(Horak et al 1989; Ko et al, 2003; Patton et al, 2000; Faugliore et al, 2006; Sveistrup & Woollacott, 1997; 
Wulf et al, 1998), we demonstrated both within session and between session improvements for serial task 
accuracy, consistency and relative postural stability. Longer practice durations allowed us to distinguish 
between fast learning (within session changes), which appears to represent the explicit selection of arm 
movement strategies, and slow learning (between sessions changes), which may relate to implicit learning 
to control arm movements and the postural system. Different rates in learning focal and postural action-
goals, as shown by continued improvements in postural stability after the focal action goal performance 
leveled off, suggests the postural system is under a separate control system. Our results support the concept 
that learning occurs within the postural system during acquisition of a serial reaching task. 
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Focal hand accuracy and consistency  
Within-session and between-session improvements in hand accuracy and consistency occurred 
across acquisition and may indicate both fast and slow learning processes within the focal action-goal. 
Rapid improvement early in practice may represent explicit learning of the sequence. Most participants 
reported knowing the sequence by the end of the first session. Error reductions were associated with 
anticipation of the next target in the sequence as participants hands moved earlier toward each target once 
they learned the sequence (Figure 2.3a-d). Between-session reductions in ACE and VE suggest there are 
implicit learning processes involved in the acquisition of the action-goal. The interaction effect seen in 
ACE can be explained by the leveling off of ACE values in session three (Figure 2.3a-b). 
Three arm movement strategies were observed. Some participants maintained a serial pattern 
throughout acquisition, where their hands stopped as they reached each target and restarted toward the next 
target (Figure 2.3a and b). Some participants used a continuous pattern of movement, with no notable pause 
as the hands reached the targets (Figure 2.3c-d). Other participants used a pattern that was a hybrid of serial 
and continuous components, with the hands pausing at each target, but the movement path was rounded.  
The task strategies were categorized (1 = serial, 2 = serial with rounded edges and 3 = continuous) and 
were not found to be strongly related to accuracy or consistency (r = -0.05 and -0.29, respectively), which 
suggests that multiple movement strategies are available to accomplish the single action-goal of a task1.  
Selection of an arm movement strategy could be considered part of explicit (Gentle, 2000) or fast (Karni et 
al, 1998) learning processes. Most participants‟ arm movement strategy was evident within the first session 
and may have been influenced by each individual‟s interpretation of the task goal. Given that there are 
differences in APAs between discrete self-paced and reaction time reaching tasks (De Wolf et al, 1998), the 
impact of arm movement strategies on postural control in a serial reaching task is a logical gap that needs to 
be addressed. 
Relative Postural Stability: 
As predicted, there was a gradual increase in the TtB values, as shown within session by anterior 
TtB and between sessions by anterior and posterior TtB. The increase in TtB is assumed to represent 
improved relative stability as participants increased the spatio-temporal safety margins to their functional 
boundaries (Patton et al 2000; Slobounov et al, 1998). The gradual improvement could be similar to the 
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reduction in postural responses reported in previous repeated exposure studies (Horak et al, 1989; Ko et al, 
2003; Patton et al, 2000).  Increased TtB values could be interpreted as either an improvement in 
“efficiency” of control (minimization of COM movement) (Ko et al, 2003) or an improvement in 
perception-action control (Patten et al, 2000). Because TtB only indirectly measures postural performance, 
we cannot be certain that the improvement in relative stability during the serial task is due to minimization 
of movement COM with an improved force regulation or improved perception-action control, although 
improved efficiency of control is prescribed to implicit learning processes (Gentle, 2000). 
Practice increased within-participant variability (SD) in TtB with the most variability occurring in 
practice session 2 (Figure 2.4d). Variability in TtB was suggested to be an important measure of flexibility 
in the postural system (van Emmerik & van Wegen, 2002; van Wegen et al, 2002).   Increased variability 
may demonstrate flexibility in or exploratory control of the postural system (van Wegen et al, 2002) and 
decreased variability may be a sign of limited capacity to react to postural disturbances (van Wegen et al 
2002; Slobounov et al, 1998; van Wegen, van Emmerik, Wagenaar, & Ellis, 2001). Decreased SDs of TtB 
during eyes closed standing were found in individuals with balance impairments (Slobounov et al, 1998; 
van Wegen, et al, 2001). Decreasing SDs of TtB were also found when healthy adults learned to pull a load 
(Patton et al, 2000). Consistency of the safety margins may be more important in a pulling task as opposed 
to a quiet standing or arm reaching task. Because we found that variability was greatest in the second 
practice session, this might represent exploratory behavior attributed to learning. However, we are 
concerned that increased variability only occurred in some individuals, and are cautious about predicting 
any timing relationship of TtB variability during practice. 
Differences in body configuration influences postural responses (Fujiwara, Toyama, & Kunita, 
2003; Kaminski & Simpkins, 2001) and may account for high between-participant variability in TtB values. 
Our participants were asked to stand comfortably without feedback on their postural configuration. 
Standing with the arms in front of the body may afford more flexibility in the anterior over posterior TtB, 
because the COP was closer to their posterior boundary and the posterior location of the ankle joint along 
the foot provides a more effective lever arm to counteract forward balance losses. Most individuals had 
smaller posterior TtB than anterior TtB values and the between-participant variability of posterior TtB 
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values was high. With practice, seven participants showed increases in posterior TtB values, yet four 
showed minimal increases and three showed decreases in posterior TtB.  
Notably, the TtB measure was calculated only using COP position and velocity information to the 
boundary (van Emmerik & van Wegen, 2002; van Wegen et al, 2002), which was different from 
experiments that added COP acceleration in the calculation (Patton et al, 2000; Slobounov et al, 1998). We 
used an average of the TtB minima (van Emmerik & van Wegen, 2002; van Wegen et al, 2002; Slobounov 
et al, 1998), because of the continuous data generated across the task, rather than a discrete TtB minimum 
(Patton et al, 2000). These methods accounted for our larger TtB values attained in this study. However, 
spatio-temporal safety margins may be task specific, since lower TtB values would be more associated with 
pulling large loads (Patton et al, 2000) or leaning tasks (van Wegen et al, 2002), than in a serial task with 
vertical arm movements. 
This study provided a step toward understanding postural learning during functional arm 
movements; however it was limited because only two action-goals were examined during task acquisition. 
Future research should focus on examining postural movements and neuromotor processing level of control 
(Gentle, 2000) to better understand implicit learning. This was the first time a serial reaching task was used 
to examine postural control and the participants‟ performances were likely affected by uncontrolled 
variables, e.g. arm movement strategies, or preferred postural configurations. To better understand the 
effect of motor learning within the postural system, research requires both sufficient practice and retention 
and transfer testing. Retention and transfer testing may demonstrate learning in the postural system by 
showing the relative permanency and generalizability of changes found with practice (Schmidt & Lee, 
2005), thereby supporting a skillful postural system perspective (Horak et al, 1997). If the postural system 
in healthy individuals is skillful and modifiable with practice, this research will set a framework for 
examining postural learning during arm movements in individuals with balance deficits and for developing 
practice parameters for rehabilitation.  
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Figure 2.1: A representation of a participant standing during the serial reaching task. The two action-goals 
variables are: 1) hand accuracy and consistency in relationship to three light emitting diode targets 
presented in front of the participants and 2) control of postural stability represented as center of pressure 
within base of support.  
 
  
  
Serial Reaching Task 
S 
Action-Goal 
Hand Accuracy and Consistency 
(ACE and VE) 
 
Action-Goal 
Control of Postural stability 
(COP within BOS) 
 
A 
B 
C 
69 
 
 
 
a) 
 
b) 
 
 
Figure 2.2a-b: Method for calculating anterior TtB for center of pressure (COP) data: a) Foot position was 
marked and functional boundaries were determined from the average position of COP in a 10 second 
anterior lean (posterior lean for posterior functional boundary) prior to the experiment. For the practice 
trials, the COP distance (Di) to the anterior functional boundary was divided by the COP velocity (Vxi), at 
each iteration, to create a time to boundary time series; b) When the COP is moving toward the anterior 
boundary (data points marked grey), the minimal points (data points marked black) along the times series 
were averaged across the trial to get the TtB for the trial. 
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Figure 2.3 a-d: Hand accuracy and consistency plots: The graphs present ten trials each of two participants 
(P1 and P2) at Early Session 1 (S1) and Late Session 3 (S3). Horizontal lines represent the height of the 
three targets (A, B, C) and vertical lines represent the times that each target turned on.  
  
a) P1 Early S1
0 2 4 6 8 10 12 14 16
1.0
1.2
1.4
1.6
1.8
b) P1 Late S3
0 2 4 6 8 10 12 14 16
H
an
d
 a
n
d
 M
ar
k
er
 H
ei
g
h
ts
 (
m
et
er
s)
1.0
1.2
1.4
1.6
1.8
c) P2 Early S1
0 2 4 6 8 10 12 14 16
1.0
1.2
1.4
1.6
1.8
d ) P2 Late S3
Seconds
0 2 4 6 8 10 12 14 16
1.0
1.2
1.4
1.6
1.8
A
B
C
A
B
C
A
B
C
A
C
B
71 
 
 
 
Table 2.1: Summary of Statistical Analysis of Practice on Absolute Constant Error (ACE), Variable Error 
(VE), Time to boundary (TtB), and Standard deviations (SD) of TtB 
 
Effect size F 
a 
r  
between sessions 
r  
within session 
d 
95% CI  
of d 
Between 
Sessions 
Within 
session 
Interact
-ion 
S1 – S2 S2- S3 
Early 
Middle 
Middle 
Late 
ACE 2.42  36.11
 * 10.60** 8.24** .74 .83 .88 .93 
VE 1.44 0.67 - 2.19 16.27
 * 13.83** 2.82 .60 .87 .94 .93 
ATtB 1.29 0.86 - 2.52 11.89** 13.83** 1.55 .82 .93 .94 .95 
PTtB 0.24 -0.03 - 1.09 5.52** <1 1.14 .97 .98 .99 .99 
SD 
ATtB 
0.66 -0.13 – 0.96 4.16* <1 <1 .36 .36 .18 .30 
SD PTtB 0.20 -0.37 – 0.68 <1 <1 2.81 .15 .62 .42 .58 
Note: Effect size was calculated as Cohen‟s d = (μS1early –μS3late)/SD pooled (Potvin & Schulz, 2000) and 
95% CI of d as δ=Δ/√N, where Δ = upper and lower 95% CI of the t statistic. (Smithson, 2003) 
a
 For main effects degrees of freedom were 2, 26. When sphericity was violated, the degrees of freedom 
correction was reported in the text. 
*F values reached significance at p < 0.05 
**F values reached significance at p < 0.01 
r values calculated for correlations between sessions (S1 and S2, S2 and S3) and within session (Early and 
Middle, and Middle and Late) relationships. 
NC = not calculated, because no effect was found. 
  
 
 
Figure 2.4a-b: Means and SD at each measurement points in order to depict the interaction, and between and within sessions effects: a) means and standard 
deviations of absolute constant error (ACE) and variable error (VE), b), representation of interaction effects of practice on absolute constant error, c) means and 
standard deviations of anterior and posterior time to boundary (ATtB and PTtB), and d) means and standard deviation of SD of ATtB. 
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Chapter 3: Movement and neuromotor processing level of postural control  
during the acquisition of a serial reaching task 
 
 
 
 
Abstract 
 
Changes in movement level and neuromotor processing level (Gentile, 2000) postural control 
during the acquisition of a serial reaching task were examined. Movement level postural control was 
measured as mean absolute relative phase and deviation phase, and the neuromotor processing level of 
postural control was measured by electromyographic activation in selected postural muscles. In a group of 
healthy young adults, there was no effect of practicing a serial reaching task while standing on the 
movement level of postural control. However, there was both between and within session effects of practice 
on percent of posterior muscle activation during the serial reaching task. Gradual reduction of muscle 
activation may represent more efficient control of the active and passive forces within the postural 
segments as the participants learned to predict upcoming arm movements in the serial reaching task. 
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Introduction 
 
In the previous chapter the relevance of utilizing the practicing of a serial reaching task as a 
method to examine changes in postural control associated with motor learning was discussed. A major 
concept presented was that flexibility within postural behavior supports the concept that postural control is 
skillful (Horak, Henry, & Shumway-Cook, 1997). Flexibility in postural behavior has been suggested in 
numerous studies investigating anticipatory postural adjustments (APAs) during reaching (e.g. Benvenuti, 
Stanhope, Thomas, Panzer, & Hallett, 1997; De Wolf, Slijper, & Latash, 1998; Kaminski & Simpkins, 
2001). If the postural system is skillful, regulation of posture during functional movements must be learned 
through repeated experiences or practice (Schmidt & Lee, 2005). Although some evidence suggests that 
behavior of the postural system changes with practice (F. B. Horak, Diener, H. C., & Nashner, L. M., 
1989); Ko, Challis, & Newell, 2003; Faugloire, Bardy, & Stoffegen, 2006), this research has been limited 
by low amounts of practice and by tasks where subjects predominately focus on maintaining balance 
(Horak et al, 1998, Ko et al, 2003) or controlling postural segments (Faugloire et al, 2006). A serial 
reaching task is a novel approach for studying learning within the postural system because it is sufficiently 
complex and the control of the postural segments, which may involve implicit processes, can be analyzed 
separately from the goal-directed reaching focus of the task, which presumably is controlled by more 
explicit processes (Gentile, 2000). This approach provides an important step in understanding postural 
regulation, which supports both postural stability and the accuracy of functional arm movements. 
Gentile (2000) describes how acquisition of functional behaviors can be analyzed on an action 
level, a movement level and/or a neuromotor processing level. The action level is the observable outcome 
to be learned or the consistent attainment of the “action-goal” (Gentile, 2000). In a serial reaching task, this 
level would be associated with accuracy of the reaching. Analyses at the movement level focuses on the 
available movement patterns an individual uses to attain the action-goal. Multiple neuromotor processes 
could be activated by the central nervous system (CNS) to produce any movement pattern. In a serial 
reaching task, there may be several arm movement patterns and postural movement patterns that may 
support the attainment of an action goal. However, the biomechanics of the arm forward position during the 
serial reaching task may limit the number of postural configurations available that allow for stability and 
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support accuracy (Riccio, 1993). A representation of Gentile‟s framework used for analysis and the defined 
variables in the reaching task is presented in Figure 3.1a and b.  
This chapter presents the effects of practicing a serial reaching task on the postural movement and 
neuromotor processing strategies. For the analysis, postural movement strategies were defined as Mean 
Absolute Relative Phase (MARP) and Deviation Phase (DP) of shoulder-hip and hip-ankle relationships 
(Kurz & Sergiou, 2004). Postural neuromotor strategies were defined by muscle activity firing patterns of 
agonist/antagonist pairs of postural muscles measured by electromyographic (EMG). The findings of the 
effect of practicing a serial reaching task on the two action-goals (hand accuracy and consistency and 
relative postural stability) during the same experiment have been reported (Galgon, Shewokis & Tucker, 
2009; Chapter 2). Main effects were found for practicing of a serial reaching task on improved hand 
accuracy and consistency and relative postural stability. Moreover, individual differences in arm movement 
strategies for learning the task were noted. For example, some participants maintained a serial arm 
movement pattern throughout acquisition, while others used a continuous pattern of arm movement. Arm 
movement patterns was moderately related to maximum hand speed (r = -0.68) (Galgon et al, 2009). Since 
postural anticipatory adjustments are also related to hand speed (De Wolf et al, 1998; Bouisset, Richardson, 
& Zattara, 2000a) and postural configuration (Fujiwara, Toyama & Kunita, 2003; Benvenuti et al, 1997) in 
reaching tasks, we anticipated that subgroup analyses may be required to interpret differences in postural 
movement patterns or muscle activation patterns.  
As the participants practiced the serial reaching task, we expected the postural system to anticipate 
dynamic force interactions associated with arm movements and produce postural movements and 
neuromotor strategies that would efficiently maintain postural stability while supporting accurate arm 
movements. The postural control system was anticipated to initially restrict the degrees of freedom early 
during practice of a new skill and learn to take advantage of active and passive forces late in practice as the 
participant learned to predict upcoming movements. Therefore, our hypotheses were: 1) postural 
coordination of shoulder-hip and hip-ankle angular movement (MARP), would show transitional changes 
with greater in-phase patterns during early practice and greater anti-phase patterns during later practice. 
Deviation phase would be lower when participants found stable postural coordination patterns. 2) Postural 
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muscle activations will reduce across practice. Co-activation of agonist/antagonist will be greater early 
practice and reciprocal activation patterns will be greater late in practice.  
 
Methods 
 
Participants:  
Twenty-five young healthy adults consented to participate in the protocol approved by the 
institutional internal review board. Participants were included, if they were between 18-49 years. Exclusion 
criteria were an inability to easily perform required reaching, and inability to participate in all experimental 
session, or any disorder (musculoskeletal, vestibular or neurological) that would effect their performance of 
the skill. The final analysis included data from 14 participants (12 females and 2 males; mean age of 25 + 3 
years; mean shoulder height of 56 + 3 inches: mean weight 158 + 37 lbs). Data were lost in three 
participants due to drop out and eight due to incomplete data collection. All participants were right hand 
dominant (mean 85 + 13 on the Edinburgh Handedness Inventory; Oldfield, 1971).  
Participant Preparation:  
 Each participant had their floor-to-shoulder height and their arm length measured to standardize 
the position of the reaching targets. Surface EMG electrodes were placed on the skin over four muscle 
groups in the lower extremities [tibialis anterior (TA), medial gastrocnemius (MG), biceps femoris (BF), 
and rectus femoris (RF)], and two muscles in the lower trunk [lumbar erector spinae (ES) and external 
obliques (EO)]. These muscles represent agonist/antagonist pairs and have been widely used in studying 
APAs during voluntary arm movements (e.g. Benvenuti et al, 1997; Fiedli, Hallett, & Simon, 1984; De 
Wolf et al, 1998). Two Ambu Blue Sensor SE electrodes (Medicotest, Demark: self adhesive, wet gel, 
Ag/AgCl, 35.x30 mm) were placed 2.5 cm apart longitudinally on the midpoint of each muscle belly using 
external landmarks (Deluca, 2002; Solberg, 1992). Prior to practicing on each day, resting baseline EMGs 
were captured for each muscle. Reflective markers were attached to bony landmarks (lateral acromium, 
lateral epicondyl, lateral styloid process, C8 and S1 spinous processes, anterior iliac spine, greater 
trochanter, lateral tibial plateau, lateral malleolus, calcaneous, and between the second and third metatarsals 
on dorsum of the foot) to create body segment representations of the trunk, upper and lower extremities for 
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the right side of the body as in Figure 3.1b. Reflective makers were also placed on the ends of a rod that the 
participants grasped to measure hand kinematics. 
Instrumentation and initial data processing:  
LED Board:  
A light emitting diode (LED) board (David Solomon, Department of Neurology, Johns Hopkins), 
a large plywood board mounted to a rolling frame with embedded LEDs, were used to generate the targets 
to direct arm movements. Customized timing programs (Labview version 5.02, National Instruments) 
operated the LED board. To detect each target LED onset, a five volt signal was input into a Peak System‟s 
12 bit A-to-D interface unit (Peak Performance Technologies, Centennial, CO.). The LED board was 
positioned one arm length plus 25.4 centimeters in front of the participants. Three LED targets were set 
such that the middle target (B) was at the level of the participant‟s shoulder height and the two additional 
LED targets were 17 centimeters vertically above (A) and below (C) the middle LED target.  
Kinematic Data:  
Three dimensional kinematic data was collected through four video cameras (Peak Performance 
Technologies, Centennial, CO.) sampled at 60 Hz and recorded onto four VHS tapes. Peak Motus, version 
8.5, software was used to digitize marker images, capture the raw kinematic data and calculate sagittal 
plane angular displacements for the right shoulder, hip, and ankle. Angular velocities were calculated using 
the central difference method. Angular displacement and velocity data was smoothed with a 4
th
 order 6 Hz 
Butterworth low pass filter (Winter, 2005). The timing of kinematic data was also matched to the target 
signal onsets. 
Electromyographic Data: 
Electrodes were connected to the Myopac EMG system (Run Technologies, Mission Viejo, CA.) 
belt unit that was suspended behind the participant. EMG signals to were amplified (gain 2000), and band 
pass filtered (10 to 1000 Hz) with CMRR of 90dB, impedance of 1M Ω output range of  + 5 V. The 
Myopac unit was connected to the Peak Motus System (version 8.5) via a Myopac BNC connector box and 
a Peak A–to-D interface unit. Raw signals were sampled at 1200 Hz, filtered with a 2nd order Butterworth 
450 Hz low pass filter, rectified and aligned with target onset signals. 
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Experimental Procedure:  
The set up for the reaching task is depicted in Figure 3.1b. Each participant stood facing the LED 
board with their elbows extended, forearms pronated, hands resting on the thighs and grasping a wooden 
rod. A warning tone sounded to inform the participants to get ready. This was followed by target B lighting 
and the participant moved the rod to the level of target B. A 15 step sequence of lights, using targets A, B 
and C, was presented at 1-second intervals. The sequence ended on target B and a tone signaled the end of 
the trial. The sequence was practiced for 100 trials, with 30 seconds between trials and 1-3 minutes 
between blocks of ten trials. Prior to each block, the following instructions were given: “match the rod to 
the level of each target as fast as possible after the light turns on.” The participants performed two 
additional sessions (100 trials each). The average interval between practice sessions was 20:39 hrs:mins 
(+ 4:13). Experimental procedures are described in detail in Galgon, et al, (2009; Chapter 2). 
Data Reduction: 
Mean Absolute Relative Phase and Deviation Phase 
Normalized angular displacement and velocity time series were used to construct phase plane 
portraits for the shoulder, hip and ankle joints  (Barela et al, 2000; Kurz & Stergiou, 2002). The angular 
displacements (θ) and velocities (ω) were normalized using the equations:  
1) normalized θi = [2x(θi – min (θi))/ max(θi) – min(θi)]-1,  and   
2) normalized ωi  = ωi/max(|ωi|),  
where i represents each iteration,  min(θi) and max(θi) equals the minimal and maximal points in angular 
displacement, and max(|ωi|) equals the maximal value in the absolute angular velocity. Phase angle (φ) time 
series were calculated as φi = arctan [normalized (ωi) / normalized (θi)] from each phase plane portrait. Two 
continuous relative phase curves were constructed to represent proximal (shoulder–hip) and distal (hip-
ankle) postural coordination dynamics, separately. Relative phase curves were calculated as equal to the i
th
 
point in the phase angle curve of the distal joint minus the i
th
 point in the  phase angle curve of the proximal 
joint (Barela et al, 2002; Kurz & Stergiou, 2002). MARP was calculated, as ΣN i=1 |Relative Phase|/N, 
during each trial. DP was calculated as the average of the standard deviation of the i
th
 point on the absolute 
relative phase curves across the 10 trials of each measurement epoch, ΣN i=1 |SD|/N.  MARP and DP were 
calculated for each movement interval and then averaged across all intervals to obtain the final values. Prior 
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to the MARP and DP calculation, visual inspection of the continuous relative phase curves and manual 
corrections to 360° phase shift distortions in the curves were made. A detailed description of the methods 
for calculating MARP and DP were described in Galgon & Shewokis (2009; Chapter 5). 
Muscle activation patterns: 
A customized computer program (MATLAB software, version 7.6, The MatWorks Inc, Natick, 
MA) identified muscle onset and offset by applying a 50 Hz low pass Butterworth filter with a phase 
correction and using a 25 ms sliding window to evaluate for a change of 3 standard deviations above the 
mean of a 100 ms resting EMG of the muscles‟ baseline trial. Onsets and offsets were visually checked for 
accuracy (DeFabio, 1987; Hodges & Bui, 1996). An on-off data array for each muscle was created and 
matched to the target intervals of each trial. Percent of muscle on (% muscle activation) was calculated as 
the number of data points that the muscle was active, divided by the total number of data points within the 
trial. Percent of agonist/antagonist co-activation (% co-activation) was calculated from the number of data 
points that both the agonist and antagonist muscles were on active together, dividing by the number of data 
points that the agonist was active. The agonists were defined as the ES, BF, and MG for the trunk, hip, and 
ankle, respectively.    
Maximum Hand Velocity 
Kinematic vertical displacements (z) of the wooden rod marker were used to calculate hand velocity (Vz). 
The Max Hand velocity was calculated as the average of the absolute maximal hand velocity within each 
target interval across each trial. 
Data Analysis:  
A repeated measures design was used to examine the participants‟ performances across 
acquisition. The measurement points were early (trials 6-15), middle (trials 46-55), and late (trials 86-95) in 
each session. The average value of each variable was determined from the 10 trials at each measurement 
point. Two-way 3 x 3 repeated measures ANOVAs were used to examine the effect of practice on within 
sessions (early, middle and late) and between sessions (1, 2 and 3) differences. The level of significance 
was set at α = 0.05. A Greenhouse-Geisser correction was used for any violations of sphericity. An apriori 
fixed effects ANOVA with repeated measures power analysis yielded a sample size of 14 for a moderate to 
large effect (f = 0.40) in MARP with three repetitions and within group correlations of 0.4, alpha = 0.05, 
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and power =0.80 (G power, version 3.10). Effect size was interpreted with Cohen‟s d, calculated as 
difference between the means early session one and late session three (Potvin & Schultz, 2000) and 95% 
confidence intervals (CI) of Cohen‟s d (Smithson, 2003). On all variables, correlations were calculated for 
between sessions (S1 and S2, S2 and S3) and within sessions (early and middle, and middle and late). 
Correlations between max hand speed, MARP, DP, and % muscle activation data were calculated to gain 
insight into the relationships between these variables in the serial reaching task. 
 
Results 
 
Postural Movement Strategies: 
The analysis of the between and within sessions differences did not show main effects of practice 
on proximal or shoulder-hip (SH) MARP or DP (Table 3.1). Between and within sessions correlations were 
strong for both SH MARP (range: r = 0.92 to 0.98) and DP (range: r = 0.74 to 0.92). SH MARP values 
were variable across participants and changes in values were dramatic in some individuals and invariant in 
others. Figure 3.2a shows the changes in SH MARP by each participant from early session 1 to late session 
3. Six individuals showed no change in SH MARP (changes of less than + 15 degrees), four individuals 
increased  SH MARP values by greater than 15 degrees, and four individuals decreased SH MARP values 
by greater than 15 degrees. Three individuals had SH MARP values consistently less than 100 degrees and 
seven individuals had SH MARP values consistently greater than 100 degrees. Two individuals transitioned 
from above to below 100 degrees and two individuals transitioned from below to above 100 degrees of SH 
MARP across the acquisition period.  
Mean SH DP or variability was large (over 50 degrees), indicating that individuals may vary their 
coordination pattern from trial to trial. Changes in SH DP were also variable across the participants (Figure 
3.3b). By the end of practice four individuals demonstrated more stable SH coordination strategies 
(decreased > 5 degrees of DP), six individuals demonstrated less stable SH coordination strategies 
(increased > 5 degrees DP), and four individuals did not show any change (< 5 degrees of change) in DP 
values. Figure 3.3a -d presents the changes in absolute relative phase curves from early session one to late 
session three in two participants. One participant (Figure 3.3a and b) showed a more stable SH relative 
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phase coordination strategy early in practice and less stable relative phase coordination strategy late in 
practice. The second participant (Figure 3.3c and d) show more stable SH anti-phase coordination pattern 
late in practice as compared to early.  
There was no main effect of between or within sessions practice on distal or hip-ankle (HA) 
MARP or DP (Table 3.1). Most participants‟ values for HA MARP were closer to 180 degrees. There was a 
small to moderate effect of practice on HA MARP for early to late values (d = 0.25, 95% CI = [-0.27, 
0.74]). Between session correlations of HA MARP values were moderate (r = 0.52 and 0.54) and within 
session correlations, early to middle and middle to late, were small to moderate (r = 0.40 and 0.72, 
respectively). Figure 3.2c shows the individual changes in HA MARP from early session one to late session 
three. Four individuals demonstrated increased HA MARP values, three individuals showed decreased HA 
MARP values and seven individuals showed no change in HA MARP values across practice. 
Mean HA DP values were also high (range = 58 to 63 degrees) suggesting that there was a high 
degree of variability between the HA continuous relative phase curves. There appeared to be a slight 
increase in DP from early to late practice. The effect of practice on DP was small to moderate (d = 0.46, 
95% CI = [-0.20, 0.87]). Between session and within session correlations of HA DP values were moderate 
to large (range: r = 0.67 to 0.80). Some individual differences in changes in HA DP were also seen (Figure 
3.2d). One individual had more stable HA coordination patterns and three individuals had less stable HA 
coordination patterns at the end of practice. Ten individuals did not show change (< 5 degrees of DP) in 
HA coordination variability.  
Postural muscle activation: 
Two types of postural muscle activation patterns were demonstrated by the participants during 
practice. First, thirteen out of the 14 participants used a clear posterior activation pattern of muscles, 
defined as activating ES, BF and MG mms during a greater percent of the task then anterior muscles, EO, 
RF, and TA. One individual (P1) activated the TA more throughout the sequence across practice than the 
MG. Second, participants demonstrated three patterns of posterior leg muscle activation: proximal (BF 
activated more often than MG), distal (MG activated more often than BF) or a combined proximal-distal 
(BF and MG activated fairly equally) activation patterns (see Figure 3.4). Figures 3.5 and 3.6 provide 
examples of two trials (early and late) of participants that have proximal and distal activation patterns. 
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Individual muscle activation was difficult to analyze statistically, because of violations of normality 
assumptions. Sporadic activation of postural muscles (particularly in the antagonists, EO, RF, and TA) 
resulted in negatively skewed data because most had high frequencies of zero values (Table 3.2). There was 
no main effect for practice on any individual postural muscle activation. Since the posterior leg muscle 
activation pattern was dominant, the percent of activation of the posterior leg muscles (BF and MG) were 
summed (% BFMG activation) and used means and across trial standard deviations were used to analyze 
changes in overall posterior leg activation across practice. The omnibus analysis of 14 participants‟ % 
BFMG only indicated within session effects as shown in Table 3.1. Due to low activation of any postural 
muscles in four participants (P1, P6, P10, and P11), their data was not removed and a secondary analysis 
was performed. Main effects were found for between and within sessions on summed % of BFMG 
activation, F 2, 18 = 3.80, p = 0.042, and F 2, 18 =  6.27, p=0.009, respectively. A progressive decrease in 
average percent of activation in posterior extremity postural muscles both across sessions and within 
session is demonstrated in Figure 3.7. The effect of practice on early to late % BFMG activation was 
moderate to large (d = 0.95, 95%CI = [0.42, 2.2]). There were strong association of % BFMG activation 
values between and within sessions (range: r = 0.79-0.98). There were no within or between session effects 
for SD of % BFMG activation as noted in Table 3.1. 
Percent of Activation of agonist/antagonist pairs  
Co-activation of agonist/ antagonist pairs was not seen as a primary postural neuromotor pattern in 
these participants (Table 3.2). Activation of antagonist muscles occurred in some individuals, but not all. 
When utilized, burst of activation in the leg muscles appeared to be related to postural displacement rather 
than to counter the forces associated with arm movements. 
Max hand velocity: 
A main effect was found for practice within sessions on max hand velocity, F 1.2, 16.86 =16.77, p < 
0.025. Max hand velocity decreased from early to late in each practice session. The effect across the 
acquisition period was small to large (d = 0.52, 95% CI = [0.15, 1.35]) and showed a decrease in max hand 
velocity for early session one, mean (SD) = 1.34 (0.33) m/s, to late session three, mean (SD) = 1.15 (0.41) 
m/s. The variability in effect size was reflected in some individuals who dramatically reduced their hand 
speed (five individuals decreased max hand velocity by < 0.30m/s), while others had minimal reduction in 
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hand speed. Correlations for max hand velocity values between and within session were strong (range: r = 
0.86 to 0.99). 
Relationship between MARP, DP, % muscle activated, and max hand velocity 
 When considering all participants there were no obvious relationships between MARP and DP, % 
activation of individual muscles and maximal hand velocity. Marginal relationships were found only 
between SH MARP and % BFMG activation (r = 0.32). When participants were group by proximal (P3, 
P5, P6, P8, P12, P14) or distal (P1, P4, P7, P9, P11, P13) leg muscle activation pattern, more apparent 
relationships were evident. Distal control participants demonstrated negative associations between MARP 
and DP for both SH (r = -0.78) and HA (r = - 67). Higher MARP values (closer to 180
 
degrees) were 
associated with less variability (DP). Proximal control participants did not show significant relationships 
between MARP and DP values, but there was a moderate association between SH MARP and HA MARP 
(r = -0.50). For distal control participants, max hand velocity was moderately associated with SH MARP (r 
= -0.44) and SH DP (r =0.53), such that faster hand speed were moderately associated with lower SH 
MARP and more variability. However, this relationship was not present in proximal control participants. 
Max hand velocity was moderately negatively related to %ES activation distal control (r = - 0.41) and 
positively related to proximal control (r = 0.40) participants. Individuals with distal control and faster 
maximal hand speeds demonstrated lower % of BF activation (r = -0.36). Individuals with proximal control 
and faster maximal hand speed demonstrated higher % MG activation (r = 0.35).  
 
Discussion 
 
 The essential question asked in this experiment was; „how does the postural system change to 
support the learning of a novel functional upper extremity task when standing?‟ Changes in intrinsic control 
of the postural system would support the concept of a skillful postural system. We had predicted that 
individuals who practiced a serial reaching task would show transitional changes in movement level and 
neuromotor processing level of postural control. Transitions in postural control strategies or modes could 
be abrupt (e.g. Bardy et al, 1999) or gradual (Buchanann & Horak, 2001). If abrupt transitions in 
performance were present, it would suggest that there would be some threshold of practice that would result 
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in a rapid change in either postural movement or EMG activation patterns. Across the participants in this 
study we did not see this result. Changes in postural control appear to be more gradual for the individuals 
that showed changes in either movement or neuromotor processing levels of control. Most participants 
appeared to select a general postural strategy to perform the serial reaching task and maintain this strategy 
throughout acquisition. The reduction in posterior muscle activation (% BFMG activation) would suggest 
that they required less muscle activation to support stability and accuracy of the serial task, indicating 
improved economy or efficiency of control. Improved efficiency was also supported by gradually increased 
time to boundary (center of pressure) measured during acquisition of this serial task and reported in Galgon 
et al, 2009 (Chapter 2). Improved efficiency could also explain the gradual reduction in postural responses 
when participants were exposed to 100 repeated discrete surface translations (Horak et al 1998) and when 
participants practiced a 10 second oscillating surface translation task (Ko et al, 2003). Individuals also 
reduced their postural responses, minimal distance to boundary (center of pressure), with practicing a 
pulling task (Patton, Lee, & Pai, 2000). As in our task, the task used in these studies allowed adults to select 
a postural strategy that would generally support the type of task to be learned and then gradually alter their 
performance to improve efficiency through practice. As the participants practiced the task they  may have 
learned to advantage of active and passive force interaction resulting in reduced responses and more 
efficient control (Patla, Ishac, & Winter, 2002; Ko et al, 2003).  
Lack of transitions does not negate the possibility that abrupt transitions in postural strategies 
could occur during learning of a new functional task. Changes in postural coordination patterns appear to 
be susceptible to task movement frequency. Frequency of surface translations (Buchanan & Horak, 1999; 
2001; Ko, Challis & Newell, 2001) and visual tracking tasks (Bardy, Oullier, Bootsma, & Stoffregen, 2002) 
appear to influence the stability of postural coordination patterns produced. When the frequency of the 
surface translations was systematically increased or decreased between frequencies of 0.5 and 0.6 Hz, 
Buchanan and Horak (2001) reported a gradual recruitment or suppression of the degrees of freedom in 
postural coordination patterns. Postural patterns were stable above and below these frequencies of surface 
translations. Reduced degree of freedom patterns (number of joints moving) were utilized at low frequency 
translations and increased degree of freedom patterns were employed at high frequency translations 
(Buchanan & Horak, 1999; 2001; Ko et al, 2001). Bardy and colleagues have found stable in-phase (~ 20 
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degrees of relative phase) or anti-phase (180 degrees of relative phase) coordination of sagittal plane hip 
and ankle motion during a visual target tracking task (Bardy, 2005; Bardy, Marin, Stoffregen, & Bootsma, 
1999;Bardy, Oullier, Bootsma, & Stoffregen, 2002). When the frequency of the visual tracking task was 
systematically increased or decreased a dynamic transition between the two postural coordination modes 
occurred between 0.5 to 0.8 Hz. The transition, or switching period, was abrupt and accompanied by 
increased standard deviations of the relative phase (Bardy et al, 2002).  
 In the present study, the frequency of arm movements were at the lower frequency boundary 
reported other studies (approximately, 1 movement per second or two seconds for a cycle,  0.5 Hz). The 
within session reduction of max hand velocity was not sufficient to substantially change postural control 
patterns. It is likely that hand velocity has an impact on movement or neuromotor activity, but it is probably 
not the only factor. Postural coordination modes also appeared to be related to interacting biomechanical 
constraints (e.g., height of COM and length of base support) and the amplitude of the moving visual target 
(Bardy et al, 1999). The mostly likely interpretation is that the serial reaching task may not be destabilizing 
enough for these healthy adults to require a new postural control pattern. This may be the reason why an 
improvement in the efficiency of postural control occurred during practice for most individuals rather than 
a switch or transition in postural strategy.  
Individual Variability: 
Intrinsic control of posture during a reaching task appears to be variable. Variability in MARP and 
DP values and muscle activation patterns was seen both within participants and between participants. This 
variability may support the concept that there may be multiple postural movement and neuromotor 
processing strategies that could support an action goal as described by Gentile (2000). Low associations 
between the movement level and neuromotor level measures may also suggest that separate control 
elements are being measured (Gentile, 2000). A change in the variability of postural movement and 
neuromotor patterns displayed by participants across the practice period as they learned how to control 
postural segments to maintain stability efficiently was expected. However, we are unable to draw any 
conclusions on how healthy individuals alter variability postural control strategies while learning this new 
motor task.  
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The individual differences in control strategies could be related to many factors including body 
configuration, interpretation of instructions, and previous motor experience that were not controlled for in 
this study. It is possible that general body configurations and postural control strategies used during 
standing with arms extended may be well learned prior to this experiment. There may also be individual 
differences in the strength of a selected postural coordination strategy. Faugliore et al. (2006) discussed 
individual differences in the strength of spontaneous postural coordination patterns during visual tracking 
tasks. In their study, individuals learned a novel, 135 degree relative phase hip-ankle coordination pattern. 
They found that individuals with less stable spontaneous postural coordination patterns in a visual tracking 
task were more susceptible to learning the novel coordination pattern than individuals who had more stable 
spontaneous patterns. In the present study six participants showed little or no change in SH MARP values, 
while eight participants showed more dramatic changes (See Figure 3.2a and b). The variability in 
magnitude of these changes may be reflected in an individuals‟ predisposition to use a specific postural 
coordination strategy or their responsiveness to changing that strategy. The individual differences in 
modifying postural control strategies were likely lost in our group analyses. In the future, further analysis 
of patterns of intrinsic movement level and neuromotor level control would require larger samples. 
Alternatively, analysis of individual coordination profiles may be required to provide insight into individual 
postural motor learning (Button, Davids & Schöllhorn, 2006). 
MARP and DP Measurements 
We had originally predicted that postural coordination, relative phase between shoulder-hip and 
hip-ankle angular movements, would show greater in-phase patterns during early practice, and greater anti-
phase patterns during later practice. Our rationale was that the postural segments would be more linked to 
the focal movements early in learning and the system would limit the available degrees of freedom as a 
movement solution. With practice, we anticipated that the system would relax and the postural segments 
would be less associated with the arm movements as seen in an anti-phase pattern and higher DP, 
indicating a less constrained system. This type of pattern was shown in some participants (See Figure 3.3a 
and b). Transitions in proximal (SH) postural coordination patterns were evident in only a few individuals 
who appeared to change patterns from a more in-phase to more anti-phase pattern. The HA MARP values 
did not transition and would have been classified spending more time in anti-phase pattern.  
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Arm movements superimposed on the postural system may have a very different effect than 
surface translations (Buchanan & Horak, 1999; Ko et al, 2001) or visual environment movements, (Bardy 
et al, 1999) which provoke postural responses that more likely resemble oscillating joint movements. The 
arm movements in this serial task contained two different amplitudes, with starts and stops, which resulted 
in more variable postural movements. Within any trial, the relative phase curve contained periods when the 
joint relationship was close to in-phase, anti-phase, and/or transitioning between the two modes (See Figure 
3.3). Transitions in the curves mean that the relationships between the joints were not stable. Therefore, we 
interpreted the MARP values cautiously, with values above 100 degrees representing trials when joint 
relationships spent more time in anti-phase and values less than 100 degrees representing trials that spent 
more time in-phase. This interpretation does not negate the likelihood of finding stable coordination 
patterns when using MARP and DP to evaluate joint relationships in a reaching task. There was a stronger 
association between the variability (DP) of coordination patterns when SH MARP values were categorized 
as greater than 100 degrees (r = -0.73) or less than 100 degrees (r = 0.64). This finding suggests that when 
the average score of SH MARP for ten trials is closer to 0 degrees and 180 degrees, there were lower DP 
values or less variability. Coordination patterns were more variable when SH MARP values were between 
70-130 degrees. Individuals who used distal neuromotor control strategies also showed this strong 
relationship between SH MARP and DP, but individuals who used proximal neuromotor control did not.  
Given the variable coordination patterns, MARP in the serial arm movement task does not give as 
clear a characterization of postural movement strategies as compared to strategies described in either 
discrete (Horak & Nashner, 1986; Nashner & McCullum, 1985) or in continuous (Buchanan & Horak, 
1999; Ko et al, 2001; Bardy et al, 1999) tasks. Within trial and between trial variability were high as 
compared to in-phase and anti-phase patterns that were determined with point-estimate relative phase 
(PRP) during continuous oscillating tasks (Bardy, 2005; Bardy et al., 1999; Bardy et al., 2002; Fauglorie et 
al., 2006). In a comparison of MARP and PRP in a subset of seven participants, we found strong 
associations between SH MARP and PRP values, but marginal associations between HA MARP and PRP 
values (Galgon & Shewokis, 2009; Chapter 5). The values of any relative phase measure and variability 
appear to be task dependent. The high variability of the relative phase measures in the serial reaching task 
may limit the ability to see smaller changes in postural movement regulation. We have discussed the 
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advantages and disadvantages of selecting MARP and DP or PRP for a serial reaching task in Chapter 5 
(Galgon & Shewokis, 2009).  
If improvements in postural efficiency, without change in postural movement strategy, are the 
primary changes associated with learning a novel arm movement task, examining angular displacements 
may have been a better method. Increasing and decreasing angular displacement at the hip, knee and ankle 
have been reported as the mode of examining freezing or unfreezing of degree of freedom (Buchanan & 
Horak, 2001, Ko et al, 2001). We observed reduced ankle and hip angular displacements in most 
participants in this study, but further analysis would be required to determine, movement reduction is 
associated with reduced durations of EMG activation or in the relative stability (center of pressure control). 
% of muscle activation:  
The original plan was to characterize postural muscle activation patterns using burst onsets and 
durations of individual muscles and the timing of bursting of agonist and antagonist pairs. However, in the 
serial reaching task, postural muscles did not demonstrate repeatable activation patterns that were easily 
quantifiable using this method. Some individuals demonstrated anticipatory BF and ES bursts and post 
movement burst with arm movements (Figure 3.5a) as demonstrated in discrete arm raising (e.g., DeWolf, 
Slijper, & Latash, 1998, Fujiwara, Toyama, & Kunita, 2003, Zattara & Bouisset,1988). However, many 
individuals had longer activation bursts across several movement intervals (Figure 3.5b and 3.6a) or very 
short sporadic bursts that did not appear to be related to the up and down arm movements of the task 
(Figure 3.6b). Most individuals adopted an activation pattern that utilized primarily posterior muscles to 
stabilize the postural segments and the activation of antagonist muscles was minimal. However, this was 
not universal as at least one participant had higher activation of TA as compared to MG or BF. Co-
contraction and/or reciprocal activation of agonist antagonist pairs were not recognizable patterns used 
during this task. As a result we utilized % of muscle activation as a measure of percent of time a muscle 
was on across the trial to examine changes with practice. Distinctions in posterior activation patterns of 
distal and proximal control further limited the ability to analyze changes in patterns across all participants. 
The only overall effect of practice was a reduction in % of BFMG activation. Reduction in activation burst 
durations and amplitudes could have further supported the improved efficiency of posture control with 
learning of a novel task. Analysis of burst amplitudes would have added to any evidence for learning in the 
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postural system (Horak et al, 1989). The reduction of activation also suggests that the participants increased 
their use of passive forces to maintain postural segment alignment for orientation and stability (Winter, 
Ishac & Patla, 2002; Ko et al, 2003; Patton et al, 2000).  
Individual variability of muscle activation within a specific task and within the same movement 
pattern has been reported. For example, between subject variability of muscle activation during reaching 
has been reported particularly when subjects move at self-selected speeds (Lee, Buchanan, & Rogers, 
1987). Self-selected hand movement strategies and variable maximal hand speeds could account for the 
high variability in muscle activation patterns; even though a consistent time between target signals and 
instruction to move as quickly as possible to the next light was given. Other variables that have been shown 
to influence muscle activation in reaching include arm acceleration (DeWolf et al, 1998, and Lee et al, 
1987) and initial COP position (Fujiwara, Toyama, & Kunita, 2003). Further study with more controlled 
parameters may provide better insight as to how healthy adults control postural muscle activation during a 
serial task.  
To our knowledge, this is the first investigation where standing postural control has been 
examined during a serial reaching task and further considerations are required to better characterize 
postural activity during this task. Given previous work in studying discrete arm reaching, we did not expect 
to see such large individual variability in the participants‟ performances in a serial reaching task. Although 
participants were grouped to common movement and neuromotor activation patterns, the statistical power 
was diminished by the low number of participants in each group. Limited association between any of the 
variables suggests that multiple factors may be influencing the neuromotor activation and movement 
patterns. These factors may also impact individual postural motor learning in this task. Given the results of 
this study, we discussed alternative methods, which may better characterize the changes in postural control 
during the learning of functional movements.  
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Figure 3.1a- b: Diagrams of a) Gentile‟s three levels of analysis of functional behavior and b) the variables 
defined to measure postural control at each level during a serial reaching task. Diagram a) was adapted 
from Gentile (2000, p. 117). 
 
 
 
91 
 
 
 
a)
Early S1 Late S3
S
H
 M
A
R
P
 (
d
eg
re
es
)
40
60
80
100
120
140
160
180
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14
b)
Early S1 Late S3
S
H
 D
P
 (
d
eg
re
es
)
30
40
50
60
70
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14
c)
Early S1 Late S3
H
A
 M
A
R
P
 (
d
eg
re
es
)
40
60
80
100
120
140
160
180
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14
d)
Early S1 Late S3
H
A
 D
P
 (
d
eg
re
es
)
30
40
50
60
70
P1
P2
P3
P4
P5
P6
P7
P8
P9
P10
P11
P12
P13
P14
  
 
Figure 3.2a-d. Changes in MARP and DP from early to late practice of a serial reaching task: a) shoulder-
hip (SH) mean absolute relative phase (MARP), b) SH deviation phase (DP), c) hip-ankle (HA) MARP and 
d) HA DP for each participant (P) from early session one (S1) to late session three (S3). Solid lines indicate 
individuals who had increased, dashed lines indicate individuals who had decreased, and dotted lines 
indicate individuals who had no change in values across practice.  
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Figure 3.3a-d: Absolute relative phase graphs of ten trials during early and late practice in two participants: 
Across practice, participant three (P3) demonstrated increased mean absolute relative phase (MARP) and 
deviation phase (DP) values (a and b). and participant four (P4) demonstrated increased MARP and 
decreased DP values (c and d). 
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Table 3.1: Summary of the Statistical Analysis of Practice on Max Hand Velocity (Max Vel), Mean 
Absolute Relative Phase (MARP) and Deviation Phase (DP) and % of Biceps Femoris and Medial 
Gastrocnemius Activation (% BFMG Activation) and Standard Deviation of % BFMG Activation. 
 
Effect size F2, 26 
†
  
r  
between 
sessions 
r  
within session 
d 95% CI of d 
Between 
Sessions 
Within 
session 
S1 – S2 S2- S3 
Early 
Middle 
Middle 
Late 
Max Vel 
 
0.52 0.15 - 1.35 1.49 16.77
 
* 0.86 0.95 0.98 0.99 
SH 
MARP 
<0.01 NC <1 <1 0.93 0.92 0.92 0.98 
HA 
MARP 
0.25 -0.27 - 0.74 <1 <1 0.52 0.54 0.40 0.71 
SH DP 
 
0.25 -0.31 - 0.75 <1 2.80 0.74 0.85 0.86 0.92 
HA DP 
 
0.46 -0.20 - 0.87 1.90 1.27 0.80 0.70 0.68 0.75 
% BFMG 
activation 
(n =14) 
0.65 0.30 - 1.58 3.20 5.98* 0.86 0.92 0.95 0.99 
SD %BFMG 
activation 
(n=14) 
0.02 NC 2.96 <1 0.91 0.89 0.88 0.92 
% BFMG 
activation 
(n=10) 
0.95 0.42 - 2.20 3.80* 6.27* 0.71 0.87 0.93 0.98 
SD %BFMG 
activation 
(n=10) 
-0.11 NC 2.83 <1 0.86 0.83 0.80 0.86 
 
Note. Effect size was calculated as Cohen‟s d = (μS1early –μS3late)/SD pooled (Potvin & Schultz, 2000) and 95% CI of d 
as δ=Δ/√N, where Δ = upper and lower 95% CI of the t statistic (Smithson, 2003). 
*F values reached significance at p < 0.05 
†degrees of freedom for F value in last two rows (2, 18) 
r values calculated for correlations between sessions (S1 and S2, S2 and S3) and within session (Early and Middle, and 
Middle and Late) relationships. 
NC = not calculated, because no effect was found. 
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Table 3.2: Mean, Standard Deviations (SD) and Ranges of Percent of Individual Muscle Activation and Co-
activation of Agonist-antagonist Pairs at each Measurement Period during Practice.  
% Activation                        Session 1 Session 2 Session 3 
 Early Middle Late Early Middle Late Early Middle Late 
ES 
45.57 
(30.89) 
8.3-94.5 
44.11 
(30.94) 
4.3-92.3 
37.87 
(31.52) 
6.4-92.4 
43.78 
(32.35) 
0.3-99.2 
42.45 
(35.43) 
0.5-98.8 
40.54 
(36.26) 
0.7-98.3 
41.32 
(30.59) 
7.7-95.0 
33.45 
(30.02) 
7.1-93.7 
34.10 
(29.50) 
7.39-
94.9 
EO 
0.62 
(1.55) 
0-5.5 
0.95 
(2.21) 
0-7.14 
0.99 
(2.52) 
0-8.86 
0.74 
(1.63) 
0-5.94 
1.05 
(3.33)  
0-12.54 
1.05 
(5.20) 
0-19.56 
0.81 
(2.76) 
0-10.37 
0.46 
(1.22) 
0-4.56 
0.52 
(1.47) 
0-5.54 
BF 
26.72 
(25.20) 
0-75.9 
24.85 
(28.53) 
0-77.6 
23.47 
(26.26) 
0-75.6 
23.23 
(24.24) 
0-72.7 
22.58 
(26.57) 
0-82.2 
19.71 
(26.57) 
0-82.2 
22.50 
(24.14) 
0-70.2 
22.67 
(22.64) 
0-68.6 
17.13 
(18.86) 
0-61.1 
RF 
0.41 
(1.52) 
0-5.7 
0.22 
(0.81) 
0-3.0 
0.42 
(1.55) 
0-5.8 
0.18 
(0.64) 
0-2.4 
0.10 
(0.36) 
0-1.4 
0.08 
(0.25) 
0-0.9 
0.03 
(0.07) 
0-0.2 
0.04 
(0.07) 
0-0.2 
0.02 
(0.05) 
0-0.2 
MG 
25.02 
(25.04) 
0-75.3 
16.93 
(20.18) 
0.05-
59.9 
17.27 
(19.60) 
0.02-
47.4 
18.79 
(22.31) 
0.01-
70.4 
14.99 
(20.34) 
0-56.3 
14.40 
(19.99) 
0-64.5 
13.96 
(16.59) 
0-44.8 
12.44 
(15.47) 
0-46.2 
12.43 
(16.33) 
0-53.0 
TA 
3.62 
(10.65) 
0-39.18 
1.82 
(4.95) 
0-18.15 
2.66 
(6.06) 
0-18.19 
2.15 
(6.18) 
0-22.95 
2.73 
(5.93) 
0-18.39 
4.65 
(10.73) 
0-35.95 
2.36 
(5.16) 
0-16.65 
2.36 
(6.39) 
0-20.02 
3.03 
(5.93) 
0-16.82 
 % Co-activation 
ES_EO 
0.57 
(1.34) 
0-4.94 
0.84 
(1.80) 
0-5.58 
0.94 
(2.39) 
0-8.55 
0.72 
(1.55) 
0-5.60 
1.04 
(3.24) 
0-12.2 
1.45 
(5.04) 
0-18.91 
0.99 
(3.41) 
0-12.81 
0.62 
(1.80) 
0-6.77 
0.62 
(1.83) 
0-6.90 
BF_RF 
0.19 
(0.70) 
0-2.16 
0.02 
(0.06) 
0-0.23 
0.06 
(0.21) 
0-0.79 
0.03 
(0.11) 
0-0.40 
0.01 
(0.04) 
0-0.14 
0.74 
(2.67) 
0-10 
0 
(0) 
0 
0.01 
(0.03) 
0-0.10 
0 
(0) 
0 
MG_TA 
1.85 
(2.00) 
0-25.79 
0.30 
(0.32) 
0-3.96 
0.06 
(0.07) 
0-0.86 
0.10 
(0.11) 
0-0.85 
0.20 
(0.21) 
0-2.25 
0.43  
(0.46) 
0-4.87 
0.29 
(0.31) 
0-3.71 
0.53 
(0.55) 
0-5.47 
0.68 
(0.72) 
0-8.90 
 
Note. ES = Erector Spinea, EO = External Oblique, BF = Biceps Femoris, RF = Rectus Femoris, MG = 
Medial Gastrocnemius , and TA =  Tibialis Anterior   
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Figure 3.4:  The percent activation of posterior postural muscles: biceps femoris (BF) and medial 
gastrocnemius (MG). Participants (P) are grouped as proximal, mixed and distal control patterns. Percent of 
muscle activation is averaged across all measurement points to provide an overall pattern of muscle 
activation for each participant. 
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a) P8  Early Session 1           b)  P8 Late Session 3 
 
 
Figure 3.5: Examples of proximal muscle activation patterns in one participant (P8) during early and late practice of a serial reaching task. ES, MG 
(grey), BF and TA (black) activation is presented with hand movement during the same trial (top plot), with horizontal lines representing target heights 
and vertical lines representing the target onsets for each movement.  Solid arrows mark a clear anticipatory ES and BF bursts to and dashed arrows mark 
clear post movement ES and BF burst during an upward arm movement in graph a), circles mark ambiguous anticipatory bursts in graph b) 
  
  
a) P7 Early Session 2               b)    P7 Late Session 3 
 
 
 
Figure 3.6: Examples of distal muscle activation patterns in one participant (P7) during early and late practice of the serial reaching task. ES, MG 
(grey), BF and TA (black) activation is presented with hand movement during the same trial (top plot), with horizontal lines representing target heights 
and vertical lines representing the target onsets for each movement and heart beat distortions are also noted in graph b).  
Heart 
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Figure 3.7: Means of summed % of Biceps Femoris and Medial Gastrocnemius activation at each 
measurement point. The graph demonstrate gradual reduction in % activation within each session (early, 
middle and late) and between sessions (Sessions 1, 2 and 3) (n=10). 
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Chapter 4: Memory and Generalizability of Postural Control after Acquisition  
of a Serial Reaching Task 
 
 
 
 
Abstract 
 
The purpose of the final aim in the experiment is to determine what effect extended practice of a 
serial reaching task has on postural control memory and generalizability to similar tasks. This aim was 
accomplished as an extension of the previous repeated measure study (Galgon, Shewokis, & Tucker, 2009; 
Chapters 2 and 3) by examining the same participants performance within two retention (free recall and 
cued recall) and three transfer conditions (a new arm movement sequence, and the learned sequence with 
two alternative grip configurations) after a two-day retention interval. The proposed approach is unique 
because postural control during functional arm movements has not been examined using a learning 
paradigm where memory (i.e., retention) and generalizability (i.e., transfer) of learned postural performance 
has been measured. The results show that participants retain hand performance measures in cued recall, but 
not in free recall, while postural measures appear to be retained. Hand accuracy and consistency degraded 
under a new sequence, which impacted relative postural stability. Gains in hand performance and postural 
control generalized to alternative grips tasks. Memory and generalizability of postural control variables 
support the perspective that the postural system is skillful (Horak, Henry & Shumway-Cook, 1997). 
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Introduction 
 
A motor learning approach to study changes of postural control during the acquisition of a serial 
reaching task was proposed in the research plan. Three learning criteria are generally accepted in designing 
and analyzing motor learning experiments: 1) improvement in performance of a motor skill over practice; 
2) relative permanency of the performance or “memory”; and 3) adaptability of the skill or 
“generalizability” (Schmidt & Lee, 2005). Although there is some evidence to suggest that the behavior of 
the postural system changes with practice (Horak, Diener, & Nashner, 1989; Ko, Challis, & Newell, 2003; 
Faugloire, Bardy, & Stoffregen, 2006; Patten, Lee, & Pai, 2000, Wulf, Hob, & Prince, 1999), a research 
gap exists in the study of postural learning during functional arm movements. The primary limitations of 
past research addressed in this dissertation were 1) low amounts of practice, 2) tasks where subjects 
predominately focus on maintaining balance (Horak et al, 1998, Ko et al, 2003)
 
or controlling postural 
segments (Faugloire et al, 2006), 3) short retention intervals, 4) large numbers of retention trials and 5) 
restricted examination of generalizability of improvements in postural control. Table 4.1 surveys postural 
learning studies for type and complexity of tasks, duration of practice, number of sessions, retention testing, 
retention intervals and transfer testing. The specific issues concerning the first two limitations have been 
previously discussed and led to an experimental design which measured postural control during the 
acquisition of an externally focused serial reaching task with extended practice, which was over twice as 
much practice as used in the previous studies (Horak et al, 1989; Ko et al, 2003; Faugloire et al, 2006, 
Patten et al, 2000; Wulf et al, 1999). This design allowed for the examination of explicit learning of a 
reaching task separately from the implicit learning of task specific postural control. When the participants 
practiced the serial reaching task 300 times they improved their performance of the focal serial reaching 
task, improved relative postural stability, and decreased activation of posterior postural muscles over 
practice (Galgon, Shewokis, & Tucker, 2009: Chapters 2 and 3). 
In this extension of the experiment, the last three limitations will be addressed. Studies without 
retention testing are questioned because they failed to show permanency of postural changes (Horak et al, 
1989; Patton et al, 2000). A few studies have used retention testing in an attempt to show relative 
permanency of learned performance (Faugloire, et al, 2006; Ko, Challis, & Newell, 2003; Patton et al, 
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2000; Sveistrup & Woollacott, 1997; Wulf et al, 1998). Most of these studies have used a 24-hour (1 day) 
retention interval, which is the minimal acceptable duration in laboratory learning studies of long term 
learning (Schmidt & Lee, 2005). One concern is that the retention intervals were the same length as the 
between practice session intervals (Patton et al, 2000; Sveistrup & Woollacott, 1997; Wulf et al, 1998). A 
second weakness is that the numbers of retention trials were a high percentage of the number of practice 
trials (Ko et al, 2003; Patton et al, 2000; Wulf, et al, 1998). In both of these conditions the retention testing 
may be considered an extension of the learning period. In the present study these issues are addressed by 
providing a two-day retention interval, which is twice the length of the between session interval, and there 
were only five free recall and five cued recall retention tests.  
Only Faugloire and colleagues (2006) measured memory and generalizability of postural 
performance in a single postural coordination task. They showed improvements in a 135  relative phase 
postural coordination task was retained after one week and also influenced the spontaneous postural 
coordination patterns in a visual tracking task. The relative phase task is different for a serial reaching task, 
because the relative phase task involved an explicit learning process using visual feedback. We contend 
that in most functional tasks the postural system would be under more implicit learning processes than the 
relative phase task. The serial reaching task also allows for examination of memory and generalizability of 
the focal action-goal separately from the task specific postural control and determination of levels of 
postural control: action level, movement level, and neuromotor processing level (Gentile, 2000); are 
retained or generalized in a similar manner. Additionally, we attempted to distinguish the generalizability 
of postural control by examining three different serial reaching transfer tasks.  In two of the transfer 
conditions, the participants were tested with the same serial sequence that was practiced using two different 
arm configurations. By changing the arm configuration, the participants could show a transfer of movement 
equivalence (Gentile, 2000) by performing the same movements utilizing different motor units of the 
primary mover (deltoids). In the last transfer task, the participants utilized the same arm configuration and 
performed a new sequence in the serial task. The arm movements in the new sequence would be 
unpredictable, but the overall biomechanical demands on postural control would be relatively similar, 
allowing us to examine how well task specific postural control may adapt to new circumstances.  The 
degree of transfer to these tasks may depend on how similar the transfer task is to the acquired task 
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(Schmidt & Lee, 2005) and we assumed that the new sequence task was less similar than the two altered 
arm configurations. 
Our aim was to demonstrate task specific learning in the postural system, which would support the 
concept that the postural system is skillful (Horak, Henry, & Shumway-Cook, 1997). Postural memory 
would be suggested, if improvements in postural performance measured during the acquisition period are 
retained in the two recall conditions. Generalizability of postural control would be demonstrated, if postural 
performance is similar in the three transfer tasks. The hypotheses were 1) that the memory of postural 
strategies and dynamic control of stability attained during acquisition will be retained after a 48-hour 
interval and 2) generalized to the serial reaching task constrained under three different task conditions. 
 
Method 
 
Participants and preparation  
Fourteen healthy young adults who had previously consented and completed the three practice 
sessions (Galgon, Shewokis, & Tucker, 2009) returned to complete the retention and transfer tasks.  They 
included 12 females and 2 males; mean age of 25 + 3 years; mean shoulder height of 142.2 + 7.6 
centimeters [cm]; mean weight 71.7 + 16.8 kg. All participants were right hand dominant (mean 85 + 13 on 
the Edinburgh Handedness Inventory; Oldfield, 1971). All participants were prepared for the final session 
as during the practice sessions. Two Ambu Blue Sensor SE electrodes (Medicotest, Demark: self adhesive, 
wet gel, Ag/AgCl, 35.x30 mm) were placed 2.5 cm apart longitudinally on the midpoint of  belly (Deluca, 
2002; Solberg, 1992) of  each of the following muscles: tibialis anterior (TA), medial gastrocnemius (MG), 
biceps femoris (BF), and rectus femoris (RF), lumbar erector spinae (ES) and external obliques (EO). 
Electrodes were connected to the Myopac EMG system (Run Technologies, Mission Viejo, CA.) belt unit 
that was suspended behind the participant. Prior to the experiment resting baseline EMG were captured for 
each muscle. Reflective markers were attached to the lateral acromium, lateral epicondyl, lateral styloid 
process, C8 and S1 spinous processes, anterior iliac spine, greater trochanter, lateral tibial plateau, lateral 
malleolus, calcaneous, and between the second and third metatarsals on the dorsum of the foot to create 
body segment representations of the trunk, upper and lower extremities for the right side of the body. 
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Participants grasped a wooden rod with reflective markers placed on the ends to indicate hand position. The 
participants stood without shoes, facing a light emitting diode (LED) board, on a force plate in a 
comfortable position (Chapter 3, Figure 3.1b).The force plate was covered with a paper template, which 
marked each participant‟s foot position, determined on the initial session of the experiment.  
Instrumentation and initial data processing:  
LED Board:  
A light emitting diode (LED) board (David Solomon, Department of Neurology, Johns Hopkins), 
a large plywood board mounted to a rolling frame with embedded LEDs, was used as targets to direct arm 
movements.  Customized timing programs (Labview version 5.02, National Instruments) operated the LED 
board. To detect each target LED onset a five volt signal was input into a Peak System‟s 12 bit A-to-D 
interface unit (Peak Performance Technologies, Centennial, CO.). The LED board was positioned one arm 
length plus 25.5 cm in front of the participants. Three LED targets were set such that the middle target (B) 
was at the level of the participant‟s shoulder height and the two additional targets were 17 cm vertically 
above (A) and below (C) the middle target.  
Kinetic Data: 
An AMTI strain gauge force plate (Model OR6-7 1000, Watertown, MA) collected forces (Fx, Fy, 
and Fz) and moments (Mx, My, and Mz). The signals were processed through an AMTI amplifier (Model 
SGAG-A) with a gain of 4000, voltage of  +10 volts, and a low pass filter of 1050 Hz and the  Peak 12 bit 
A-to-D interface unit. All the analog data was sampled together at 1200 Hz. Peak Motus down sampled to 
60hz and smoothed the kinetic data with a 6 Hz, 4
th
 order Butterworth filter and COP was calculated using 
the following equation:  COPx = - (My + Fx*dz)/Fz, (Winter, 2005). COP velocities were calculated using 
the central difference method and smoothed with the same low pass filter. 
Kinematic Data:  
Three dimensional kinematic data was collected through 4 video cameras at 60 Hz, and recorded 
onto VHS tapes. The Peak Motus, version 8.5, software 1) digitized marker images to capture the raw 
kinematic data, 2) calculated sagittal plane angular displacements for the right shoulder, hip, and ankle, as 
described in Fig 1b, 3) calculated angular velocities using the central difference method, and 4) determined 
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as the linear height (hz) of each target and hand position. All data was smoothed with a 4
th
 order 6 Hz 
Butterworth low pass filter and matched to the target onsets. 
Electromyographic Data: 
  The Myopac belt unit amplified the EMG signals to a gain of 2000, and had a band pass filter of 
10 to 1000 Hz, CMRR of 90dB and an impedance of 1M Ω and ran to a receiver, which had an output 
range of  + 5 volts. The receiver connected to the Peak Motus System via a Myopac BNC connector box 
and a Peak A-to-D interface unit. Raw signals were sampled at 1200Hz, smoothed with a 2
nd
 order 
Butterworth 450 Hz low pass filter, rectified and aligned with target onset signals. 
Experimental Procedure:  
All of the participants had previously practiced a 17.5 second serial reaching task 300 times over 
three sessions (Galgon, et al, 2009; Chapters 2 and 3). After a retention interval (average time = 44 hours 
12 minutes + 3 hours 23 minutes), the participant returned to perform the serial task five times in each of 
two recall conditions, R1 = free recall (no visual cues) and R2 = cued recall, and  then performed ten trials 
for each of three transfer tasks, T1 = a new sequence using the learned  forearm pronated grasp, T2 = the 
learned sequence with forearms supinated grasp, and T3 = the learned sequence with an L grasp (hands 
grasping an L-shaped rod with the right forearm pronated and left forearm in neutral position). The order of 
the transfer tasks was counterbalanced across the participants. All trials occurred in the following manner. 
Each participant stood with their arms fully extended, hands resting on the thighs, and grasping the rod. A 
“get ready” tone sounded and was followed by the lighting of target B and the participant moved their 
hands to the level of the target B. A 15 step sequence of lights, using targets A, B and C, was presented at a 
1.1-second intervals. The sequence ended on target B and a tone signaled that the trial ended.  In the R1 
condition, since there were no visual cues to direct the arm movements, a “go” command was given after 
the participant moved their hands to the level of the B target and 18 seconds later a tone signaled the end of 
the trial. Prior to the R1 condition the subjects were asked to perform the serial task in the same manner 
that they had practiced.  Prior to beginning of all the other conditions the following instructions were given: 
“Match the rod to the level of each target as fast as possible after the light turns on.” The participants rested 
approximately 30 seconds between trials and 1-3 minutes between each condition (Galgon et al, 2009, 
Chapters 2 and 3). 
105 
 
Data Reduction:  
Hand accuracy, consistency and maximal velocity 
Kinematic vertical displacements (z) of the hand positions and the three target positions were used 
to calculate hand accuracy and hand consistency, which was measured as two dimensional absolute 
constant error (ACE) and variable error (VE) (Schmidt & Lee, 2005) 
 
within each target interval using the 
following equations:  ACE = Σ |(zhi – zt)|/n, and VE = [Σ (zhi – mean zh)
2
/n]
1/2
, where zh is the hand 
height,  zt is the target height, i is each iteration and n is the number of data points within the target interval. 
ACE and VE were attained from the average value across each target interval. Maximal hand velocity 
(MHV) was calculated as the average of the absolute peak vertical (z) velocity of the hands within each 
target interval. In the R1 condition the 15 target intervals (70 data points) were calculated from the first 
hand movement after the “go” command.  
Time to boundary: 
Functional boundaries were determined from the average COP position during a 10 second leaning 
trial performed in each direction on the first session. TtB was calculated separately for the anterior and 
posterior boundaries. The difference between the COP position and each boundary was calculated to 
determine the instantaneous distance (COPx to anterior and posterior boundaries). The instantaneous 
distances were divided by the instantaneous velocities to obtain a TtB time series (van Wegen, van 
Emmerik, & Riccio, 2002). The minima in the TtB series, when the COP was moving toward the boundary, 
were averaged to obtain TtB (Chapter 2, Figure 2b). The SD of TtB was calculated as the variability of all 
trials within each condition. 
Mean Absolute Relative Phase and Deviation Phase 
The angular displacements (θ) and velocities (ω) were normalized using the equations:  
1) normalized θi = [2x(θi – min (θi))/ max(θi) – min(θi)]-1,  and   
2) normalized ωi  = ωi/max(|ωi|),  
where i represents each iteration,  min(θi) and max(θi) equals the minimal and maximal points in angular 
displacement, and max(|ωi|) equals the maximal value in the absolute angular velocity. Normalized angular 
displacement and velocity time series were used to construct phase plane portraits for the shoulder, hip and 
ankle joints (Barela, Whithall, Clark & Black, 2000; Kurz & Stergiou, 2002). Phase angle (φ) time series 
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were calculated as φi = arctan [normalized (ωi) / normalized (θi)]. Two continuous relative phase curves 
were constructed for proximal (shoulder–hip) and distal (hip-ankle) postural coordination dynamics, 
separately. Relative phase curves were calculated as equal to the i
th
 point in the phase angle curve of the 
distal joint minus the i
th
 point in the  phase angle curve of the proximal joint (Barela et al, 2000; Kurz & 
Stergiou, 2002). MARP was calculated, as ΣN i=1 |Relative Phase|/N, during each trial. DP was calculated as 
the average of the standard deviation of the i
th
 point on the absolute relative phase curves for the 5 or 10 
trials in condition, ΣN i=1 |SD|/N. MARP and DP were calculated for each target interval and then averaged 
across all intervals to obtain the final values. Prior to the MARP and DP calculation, the continuous relative 
phase curves were visually inspected and manually corrected for any 360° phase shift. See Galgon & 
Shewokis, (2009; Chapter 5) for a full description of the MARP and DP calculations.   
Muscle activation patterns: 
A customized computer program (MATLAB, version 7.6, The MatWorks Inc, Natick, MA) 
identified muscle onsets and offsets by applying a 50 Hz Butterworth low pass filter with a phase correction 
and a 25 ms sliding window to evaluate for a change of 3 standard deviations above the mean of a 100 ms 
resting EMG. Onsets and offsets were visually checked for accuracy (DeFabio, 1987; Hodges & Bui, 
1996). An on-off data array for each muscle was created and matched to the target intervals of each trial. 
Percent of muscle on (% muscle activation) was calculated as the number of data points that the muscle 
was on, divided by the total number of data points within each interval and for the duration of the trial. The 
agonists were defined as the ES, BF, and MG for the trunk, hip, and ankle, respectively. Percent activation 
of BF and MG (% BFMF activation) was summed to represent the overall posterior muscle activation and 
across trial SD of % BFMG represent the variability (Galgon et al, 2009; Chapter 3). 
Data Analysis:  
 Memory was examined with two-way 2 x 5 (Recall x Trial) repeated measures ANOVAs for Max 
Hand velocity, ACE, VE, TtB, MARP and % BFMG activation. Levels for the recall factor were free recall 
(R1) and cued recall (R2) and for the trial factor were the five repeated trials. Retention of DP, SD of TtB, 
and SD of % BFMG activation measures were analyzed with paired t-tests. Generalizability was examined 
with two-way 3 x 5 (Task x Epoch) ANOVAs for Max Hand Velocity ACE, VE, TtB, MARP and % 
BFMG activation. The levels for the task factor were T1, T2 and T3 and for the epoch factor were five 
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epochs (E1-E5), defined as the average of two consecutive trials (E1 = trials1 and 2, E2 = trials 3 and 4, 
etc). DP, SD of TtB and SD of % BFMG activation measures were analyzed with one-way ANOVAs to 
determine the difference between transfer tasks (T1, T2 and T3). Greenhouse-Geisser corrections were used 
for any violations of sphericity. Tukey‟s HSD were used for post hoc comparisons. The significance 
criterion was  = 0.05. To aid in the interpretation of results, a Cohen‟s d effect size index (Potvin & 
Schulz, 2000) and 95% confidence intervals (CI) of d (Smithson, 2005) were calculated. 
 
Results 
 
Retention of focal action goal: 
There was a main effect of recall condition for ACE (F1, 13 = 134.1, p<0.001), but not for VE or 
MHV.  There was no trial or interaction effect for ACE, VE or MHV. Figure 4.1 (a-c) graphs the mean 
values of each variable by trial and recall condition. The mean values for ACE was 10.5 + 2.6 cm in free 
recall and 4.3 + 1.8 cm in cued recall. The effect between the two recall conditions was large (d = 2.79, 
95%CI = [1.55, 3.86]). All participants performed the sequence of the task correctly in the free recall 
condition, but variability in the timing of the arm movements accounted for the increase in error as 
compared to the cued recall condition. 
Retention of Postural Stability and Strategies:  
There was no interaction, recall or trial effect on relative postural stability, anterior or posterior 
TtB, or SD of TtB measures. There was also no interaction, recall or trial effect on postural movement 
strategy, SH or HA MARP. However, there was a recall effect on SH DP (t13 = 3.47, p = 0.005) and HA DP 
(t13 = 3.07, p =0.009). Mean SH DP values were 59.17 + 6.27 and 51.06 + 8.13 degrees, respectively for 
free and cued recall as shown in Figure 4.2a. Mean HA DP values were 63.56 + 3.78 and 59.52 + 5.48 
degrees, respectively for free and cued recall. The size of the recall effect were small to large for SH DP (d 
= 1.12, 95s %CI = [0.26, 1.51]) and for HA DP (d=0.88, 95%CI = [0.20, 1.42]). Four individuals have very 
low values for % BFMG activation. As a result, the analysis was run first for all participants and again 
eliminating these 4 individuals. In both analyzes, there was a main effect of trial for % BFMG activation 
(F4,52 = 2.72, p = 0.04 [n=14] and F4,36 = 3.10, p = 0.026 [n=10]), however, there were no interaction or 
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recall effects. See Figure 4.3 d. There was a significant reduction in %BFMG activation between trial 1 and 
2 (difference between the means =13.33%, p <0.05) and trial 1 and 3 (difference between the means = 
18.03%, p <0.01). There was no effect of recall condition on SD of %BFMG activation.  
Generalizability of focal action-goal: 
 There was an interaction effect for VE (F2.46,31.95 = 6.31, p <0.001), but not for ACE or max hand 
velocity. There was a main effect of transfer task for ACE (F2,26 = 57.58, p<0.001) and VE (F2,26 = 52.63, 
p<0.001).  There was significantly more error in the new sequence task (T1) as compared to T2 (difference 
between means =2.8 cm for ACE, p<0.001 and 2.0 cm for VE, p <0.001) and T3 (difference between the 
means = 2.6 cm for ACE, p< 0.001 and 2.3 cm for VE, p<0.001). The effect for transfer task was large (d= 
2.5, 95%CI= [1.39, 3.55] and d= 2.1. 95%CI= [1.14, 3.05]), for ACE and VE respectively. There was also a 
main effect of epoch on ACE and VE (F1.97,25.41 = 10.74, p <0.001 and F2.29,29.87 = 11.17, p<0.001). There 
was significantly more error in E1 as compared to all other epochs (p<0.003 for all comparisons). There 
was effect of transfer task on MHV (F1.23, 15.97 = 13.6, p < 0.001). MHV was significantly lower in 
conditions T3 than T1 (difference between the means = 0.21 m/s, p < 0.01) or T2 (difference between the 
means = 0.11 m/s, p<0.01). Figure 4.1(d-f) displays means and standard deviations for each variable for the 
epoch by transfer condition analysis.  
Generalizability of postural stability and strategies: 
 There was main effect of task on anterior TtB (F2,26= 5.11, p = 0.013), with a significant difference 
between the means from T1 to T2 (0.61 seconds, p =0.02) and to T3 (0.58 seconds, p = 0.007). The effect 
of task condition was small to large (d = 0.42, 95% CI = [0.22, 1.46]). See Figure 4.3 a. There was no 
interaction or epoch effect on anterior TtB. Nor were there any main or interaction effects on posterior TtB 
or SD of TtB in either direction. There was a main effect of task condition on SH MARP (F2,26 = 8.66, p= 
0.001) with a significant difference between the means from T1 to T2 (7.46 degrees, p = 0.049) and to T3 
(12.46 degrees , p = 0.003). The transfer effect was minimal to large (d = 0.50, 95% CI = [0.31, 1.60]). See 
Figure 4.3b. There were no interaction or epoch effects on SH MARP, and no interaction or main effects on 
HA MARP. There was also a transfer effect on SH DP (F1.32, 17.19 = 4.81, p = 0.031) with a significant 
difference between the means from T1 to T2 (3.12 degrees, p = 0.012) and to T3 (4.80 degrees, p = 0.034). 
The effect was minimal to large (d= 0.65, 95% CI= [0.05, 1.20]) See Figure 4.2b. There was an effect of 
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epoch on summed % BFMG activation (F4,52 = 3.74, p = 0.009, and F4,40 = 4.008, p = 0.008) with a 
significant difference between the means from E1 to E3, E4 and E5, p<0.04 for all comparisons. There 
were no interaction or transfer effects on summed % BFMG activation as shown in Figure 4.3c. However, 
there was an transfer effect on the SD of % BFMG activation (F2,26 = 5.03, p =0.014, n=14 and F2,18 = 4.86, 
p = 0.019, n= 10), with a significant difference between the means for T1 to  T2 (4.67 %, p<0.01) and T3 
(4.09%, p<0.01).  
 
Discussion: 
 
 Two days after practicing a serial reaching task, participants maintained performance of the focal 
task in the cued recall condition, but not in the free recall condition.  Differences in ACE could be 
explained by the loss of timing within the free recall condition. Figure 4.4 (a-b) demonstrates the loss of 
timing.  When visual cues were not provided, participants performed the sequence of the serial task 
correctly; however they did not time their movements consistently with the timing of the practiced target 
interval.  This finding suggests that the participants were reliant on cues to perform the timing aspect of the 
task. The effect of recall condition on focal performance did not appear to relate to performance of most 
postural control measures, TtB measures, MARP or summed % BFMG activation; indicating that relative 
stability, general postural coordination strategies and neuromotor strategies were retained after practice. 
However, DP values were influenced by recall conditions with increased variability noted in the free recall 
as compared to the cued recall condition. Since DP is attained from the SD of the iterations across all the 
trials in a condition, it would most likely be affected by movement timing variability than the other postural 
control variables. 
 The transfer task effects, on ACE and VE, demonstrated that when the participants performed a 
novel sequence in a serial task, they had significantly more error as compared to when they performed the 
practiced sequence using novel hand grasp configurations. The performance of the focal goal of the serial 
task appeared to generalize to the two near transfer tasks, which repeated the practiced sequence with the 
hand grasps changed, but does not generalize well to a sequence that the participants had not practiced. 
This is consistent with studies that show minimal positive transfer of a learned movement pattern to a novel 
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movement pattern (Schmidt & Lee, 2005). A task effect was also seen with an increase in MHV in the new 
sequence transfer task and highest MHV in the novel sequence transfer task. The epoch effect seen for 
ACE and VE could be accounted for by considerably more error occurring in the first epoch of the new 
sequence conditions as compared the other epochs (Figure 4.1 d and e). However, there was a large 
reduction in errors across the first five trials in the new sequence condition as compared to early in practice 
(See Figure 2.3 a. and Figure 4.5 a-b), suggesting that practicing the sequence did partially transfer to a 
serial reaching task with a new arm movement sequence. 
 Some measures of postural performance, anterior TtB, SH MARP (Figure 4.3a and b) and SH DP 
(Figure 4.2 b), showed a similar transfer task effect as the focal task performance. Postural control appeared 
to generalize to the alternative grip transfer tasks, but not as well to the new sequence reaching task. Errors 
in hand accuracy and consistency in the new sequence condition were similar to session one of acquisition; 
however, values of anterior TtB were similar to session two values, suggesting that there was less loss of 
performance. Relative stability in a new sequence task improved quickly over the first few trials as 
compared to no improvement in stability during early practice (Figure 4.5 c). Both of these findings suggest 
that stability partially generalized to the new sequence task as well. While the transfer effects were quite 
large for focal task performance, they were minimal to large for the postural performance measures as 
demonstrated by wide 95% CI limits of the effect size (d). The wide effect results from individual 
variability as some individuals‟ postural performances appeared to be influenced by the new sequence 
conditions; however other individuals had stable postural performance. When reviewing individual 
performances, approximately half of the individuals showed lower (>15 degrees) MARP values in T1 as 
compared to T2 and T3, and half of the participants did not show a difference between the three transfer 
conditions. Interestingly, all individuals who did appear to have a transfer effect all appeared to spend more 
time in an anti-phase pattern in T2 and T3. The novel sequence task may have caused more discontinuous 
arm movements resulting in more distortions in the relative phase curves and reduced MARP values 
(Galgon & Shewokis, 2009; Chapter 6). 
In contrast, posterior TtB, HA MARP, and HA DP were not influenced by transfer condition. 
However, they also did not show significant changes during the acquisition of the serial task (Galgon et al, 
2009; Chapter 4). Therefore, it is difficult to interpret no change as having any relation to the practicing of 
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this serial task. One interpretation could be that these measures are not amenable to change, because as the 
regulation of COP in relationship to the posterior boundary and the hip ankle movement strategy are fairly 
consistent for forward reaching tasks in the sagittal plane. Alternatively, dynamics of the COP to posterior 
boundary may require longer practice to provoke change. The posterior TtB values were noted to be higher 
during retention and transfer conditions as compared to values during practice, which might be attributed to 
a slower learning process. Since COP safety margins were relatively large and COP did not approach either 
the anterior or posterior boundary quickly, the most likely conclusion is that serial reaching task is not 
sufficiently destabilizing to the postural system to cause a change in HA movement strategies (Ferry, 
Cahouët, & Martin, 2007). HA MARP values for all of the participants would have been classified as 
spending more time in an anti-phase relationship (closer to 180 ). An anti-phase hip ankle relationship has 
been reported to commonly occur in high frequency visual tracking tasks (Bardy et al, 1999; 2002; Ferry et 
al, 2007) and reported to be a single attractor state (coordination pattern) in volitional control of postural 
segments with or without feedback (Faugloire, Bardy, Merhi & Stoffregen, 2005). Although there appears 
to be redundant postural movement strategies used between tasks, evidence suggest that movement patterns 
vary based on individual and task constraints (e.g. Kou & Zajac, 1993; Ferry, Martin, Termoz, Côté, & 
Prince, 2004; Bardy, Marin, Stoffregen, & Bootsma, 1999). Factors that would destabilize the postural 
system enough to show a change in movement pattern or strategy within a serial task still need to be 
investigated. 
A noteworthy finding was that % BFMG activation significantly reduced across the acquisition of 
the serial task, did not show a recall or transfer effect after a two-day retention interval, yet did show a trial 
effect in the recall conditions and epoch effect in the transfer conditions. The reduction of %BFMG 
activation suggests that the participants learned to control the postural segments more efficiently, possibly 
by learning to take advantage of passive forces (Ko, et al, 2002; Patla, Ishac, Winter, 2002). The results 
also suggest that the participants had memory of the level of muscle activation required for the task and 
were able to generalize the learned activation levels across similar tasks including the novel sequence and 
alternative grips in a serial reaching task. The trial effects in recall conditions could be considered a warm 
up decrement or loss of “set”, i.e. some internal adjustment that is lost over the retention interval, but not 
part of memory (Schimdt & Lee, 2005). “Postural set” has been described as the descending command to 
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the postural system to prepare for the task specific conditions (Horak, Deiner & Nashner, 1989; Horak et al, 
1997). Agonist EMG activation during repeated surface perturbations was shown to be highly susceptible 
to short duration changes and argued to demonstrate improvement in the central postural set as participants 
learned to predict the upcoming task demands (Horak et al, 1989). Since we found similar epoch effects in 
the transfer conditions, neuromotor processing level of control may be susceptible to trial-to-trial change or 
be more adaptable as shown by short term retention losses and gains within a few trials (Figure 4.3c). 
Muscle activation levels were likely retained and generalized in this experiment, because the shorter term 
trial and epoch effects may be part of normal neuromotor processing adaptability.  
 Since this was the first time improvements in postural control during a serial reaching task were 
tested for retention and generalizability, limitations should be noted. The lack of recall of the timing of 
movements in the serial task demonstrated in the free recall trials was not expected. The hand accuracy 
measurement did not account for the participant remembering the sequence, since ACE degraded 
considerably in the free recall condition. One method that might show that the timing was lost and the 
sequence accuracy was preserved would be to measure ACE in an auditory cued recall condition. The 
limitations in the measurement variables have been previously discussed (Galgon & Shewokis, 2009) and 
reviewed in Chapter 5 of this dissertation. There is still limited understanding of how postural control 
generalizes to different task conditions, because only three transfer tasks were examined in this work. The 
factors within a serial reaching task that drive postural control strategies need additional clarification. 
Examining postural control during serial reaching while systematically varying the constraints within the 
task and environment may help in the interpretations of results, by providing a framework for identifying 
which factors are task specific and which factors are more generalizable.  
 Despite the limitations, retention and generalizability of relative postural stability and % muscle 
activation were evident in this serial reaching task, however postural control may not generalize as well to 
all novel task constraints, such as a new arm movement sequence. The results support the concept that the 
postural system is specifically learning to regulate balance within a serial reaching task. This line of 
research is important because understanding how healthy adults learn to control balance will help to 
understand postural learning in individuals with balance deficits. These results may have implications on 
designing activities and practice schedules for individuals with balance deficits in clinical settings. Future 
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work may help to qualify how to schedule practice of tasks that require improved balance control, e.g. 
frequency and duration of practice that would promote better retention and generalizability. Another 
reasonable research extension may be to determine how specific balance training needs to be structured in 
relation to different types of tasks. Can individuals with balance deficits practice a few balance activities to 
show improvement across many domains of functional movements or do they require a wide variety of 
practice experiences under varied task and environmental constraints to restore postural control? 
  
114 
 
 
 
 
Table 4.1: A Survey of Studies, which Measured Standing Postural Control in the Context of Repetitive 
Exposures or Learning of a Task 
Article Participants Type of task: 
Complexity of 
tasks 
Exposures/ 
repetitions/ 
Duration 
Sessions/ 
between 
session 
interval 
Retention/
retention 
interval 
Transfer 
Horak, 
Diener & 
Nashner, 
1989 
5 healthy young 
adults 
Horizontal  
backward surface 
translations 
(12cm, at 
35cm/s) 
Discrete, ED, 
SPS 
100   
~200 sec 
 
1 session No No 
Sveistrup & 
Woollacott, 
1997 
15 infants:“able 
to pull to stand 
but not stand 
alone”(8 
experimental and 
7 control) 
Horizontal 
forward and 
backward surface 
translations 
Discrete, ED, 
SPS 
UE holding for 
stability 
300 
100/session 
~600 sec 
3 sessions/ 
1 day 
Yes 
/1day 
No 
Patton, Lee, 
& Pai, 2000 
Exp -1 
 10 healthy 
young adults 
Horizontal arm 
pulls in Standing 
3 peak torque  
(20, 40, & 80% 
of est. max 
torque) 
 
Discrete, ID, 
SPS, and UEM  
Fading 
feedback 
(100% Day 1- 
0% Day 5) 
36 trials for 
each target 
108/ session 
~846 sec 
4 sessions/ 
1 day 
 
Yes, 21 
trials each 
(105 total) 
/1 day 
No 
Patton, Lee, 
& Pai, 2000 
Exp -2 
9  healthy young 
adults 
Horizontal arm 
pulls in Standing 
2 peak torques 
(35% & 65% est, 
max torque) 
Discrete, ID, 
SPS, and UEM  
Feedback 
100% 
60 pulls for 
each target 
120 total 
240 sec 
1 session No No 
Ko, Challis, 
& Newell, 
2003 
6 healthy young 
adults 
Sinusoidal 
anterior posterior 
platform surface 
translation 
Continuous (15 
sec/11 cycles) 
ED, SPS 
30  
~450 sec 
1 session Yes/  
10 trials 
/1 day 
No 
Faugloire, 
Bardy, & 
Stoffegen, 
2006 
Exp -1 
24 healthy young 
adults 
(16 experimental 
and 9 Controls) 
** 
Practice task: 
135° hip- ankle 
relative phase 
pattern 
Testing task: 
Visual tracking 
pre post task. 
Practice task 
Continuous 10 
cycles, SPS, ID 
Testing task 
Continuous 10 
cycles, SPS, 
ED 
30 
15/session 
~675 sec  
 
2 sessions/ 
1 day 
No 
 
Testing 
task 
session 2 
Faugloire, 
Bardy, & 
Stoffegen, 
2006 
Exp-2 
24 healthy young 
adults 
17 experimental 
(2 groups : high 
and low 
frequency) 7 
controls  ** 
Practice task: 
135° hip- ankle 
Relative phase 
pattern 
Testing task: 
Visual tracking 
at 2 frequencies 
Practice task 
Continuous 10 
cycles, SPS, ID 
Testing task 
Continuous 10 
cycles, SPS, 
ED 
40   
session 1 10 
sessions 2 
and 3  15 
~1250sec 
 
3 sessions/ 
1 day 
Yes /  
4 trials 
/1 week 
Testing 
task 
immediate 
and  
1 week 
Wulf, Hob, 
&  Prinz, 
1998 
16 healthy young 
adults 
Two 
experimental 
groups 
Standing on a tilt 
board and 
keep board 
horizontal 
Continuous 
SPS, ID, 
External vs. 
internal focus 
14   
90 second/ 
trial/ 7 each 
session 
1260 sec 
2 sessions/ 
1 day 
Yes: 7 
retention 
trials 
/1 day 
No 
Current 
study, 
Galgon et al 
14 healthy young 
adults 
Serial reaching 
task in standing 
Serial, 
SPS, ID, UEM 
300  
100/session 
5000 sec 
3 session/  
1  day 
Yes 10 
trials/ 
2 days 
Yes: 3 
transfer 
tasks 
Note: Task Complexity: Externally driven (ED), internally driven (ID), standing postural stability (SPS), 
upper extremity manipulation (UEM).  
Duration of practice was estimated from reported information and was calculated as the time to perform 
one trial X the number of trials, and does not include between trial times.  
** Subjects excluded, if they did not learn new coordination pattern 
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Table 4.2: Means (Standard Deviations) of Variables during Recall and Transfer Conditions: Absolute 
Constant error (ACE), Variable error (VE), Max hand velocity, Anterior Time to Boundary (ATtB), 
Posterior Time to Boundary (PTtB), Standard Deviation (SD) of ATtB and PTtB, Shoulder-hip (SH) and 
Hip-ankle (HA) Means Absolute Relative Phase (MARP) and Deviation Phase (DP). 
Measure Free Recall Cued Recall 
Transfer 
New sequence 
Transfer 
supinated 
grip 
Transfer 
L-grip 
ACE (cm)
ε
 
10.5 * 
(2.6) 
4.3 
(1.8) 
7.2 ** 
(2.3) 
4.4 
(1.9) 
4.7 
(2.1) 
VE (cm)
ε
 
6.7 
(1.5) 
5.4 
(3.3) 
7.4 ** 
(2.7) 
5.4 
(3.1) 
5.1 
(3.1) 
Max Hand 
Velocity(m/s) 
1.11 
(0.41) 
1.21 
(0.53) 
1.33 
(0.43) 
1.22 
(0.44) 
1.12** 
(0.42) 
ATtB (sec) 
7.34 
(1.25) 
7.56 
(1.54) 
7.06 ** 
(1.37) 
7.67 
(1.71) 
7.63 
(1.38) 
PTtB  (sec) 
5.45 
(0.34) 
5.38 
(0.33) 
4.86 
(0.57) 
5.27 
(0.46) 
5.29 
(0.23) 
SD of ATtB 
(sec) 
0.91 
(0.26) 
0.82 
(0.24) 
1.07 
(0.46) 
0.94 
(0.59) 
0.84 
(0.21) 
SD of PTtB 
(sec) 
0.77 
(0.34) 
0.71 
(0.33) 
1.00 
(0.57) 
0.86 
(0.46) 
0.73 
(0.23) 
SH MARP (deg) 
114.52 
(25.97) 
109.52 
(27.47) 
107.55** 
(23.30) 
115.01 
(27.93) 
120.04 
(26.94) 
HA MARP (deg) 
131.50 
(15.89) 
135.67 
(14.32) 
138.01 
(11.39) 
140.64 
(8.23) 
134.13 
(10.86) 
SH DP (deg) 
59.17* 
(6.27) 
51.06 
(8.13) 
55.55** 
(6.31) 
52.42 
(6.50) 
50.74 
(8.51) 
HA DP (deg) 
63.56* 
(3.78) 
59.51 
(5.48) 
61.47 
(3.90) 
60.99 
(3.19) 
62.43 
(4.38) 
% BFMG 
activation
ŧ,ε
 
39.00 
(28.14) 
34.44 
(33.45) 
30.05 
(28.71) 
29.61 
(31.05) 
34.27 
(34.67) 
SD of %BFMG 
activation 
16.02 
(8.38) 
11.34 
(9.18) 
10.33** 
(5.97) 
14.02 
(9.04) 
13.81 
(8.62) 
Note:
 ε 
Epoch effect noted in transfer conditions, 
ŧ
 Trial effect noted in recall conditions 
*Variables were there was a significantly difference between free recall and cued recall conditions 
** Variables were there was a significant difference between transfer task and other two tasks.  
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Figure 4.1 a-f: Results for recall and transfer analysis for focal hand variables: Means and standard 
deviations (error bars) are displayed by trial and recall condition (Left; R1 = free recall and R2 = cued 
recall) and by epoch and transfer condition (Right; T1= new sequence, T2= pronated grasp, and T3 = L-
grasp) for absolute constant error (ACE), graphs a) and d); variable error (VE), graphs b) and e); and max 
hand velocity, graphs c) and e).  
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Figure 4.2: Graphs demonstrating a) the recall effect on shoulder-hip (SH) and Hip-ankle (HA) deviation 
phase (DP) and b) transfer effect on SH DP. The recall conditions were free recall (R1) and cued recall 
(R2) and the transfer conditions were a new sequence (T1), a supinated grasp (T2) and an L-shaped grasp 
(T2). 
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Figure 4.3 a-d): Graphs of Epoch by transfer and trial by recall condition in postural control variables 
Means and standard deviation for a) anterior TtB, b) shoulder-hip mean absolute relative phase (MARP), 
and  c) %BFMG activation., where T1= new sequence, T2= pronated grasp, and T3 = L-grasp and d) trial 
by recall condition on %BFMG activation, where R1=Free Recall and R2 = Cued Recall. 
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Figure 4.4: Examples of hand movement trajectories in free and cued recall conditions: a) performance of 
one subject during five trials in the free condition, and b) the same subjective during five trials in the cued 
recall condition 
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Figure 4.5: A comparison of the new sequence transfer task (T1) and early session 1 (S1) performances: a) 
absolute constant error (ACE), b) variable error (VE), and c) anterior Time to Boundary (TtB) are 
presented at five epochs (each epoch is the average value from two consecutive trials) in early practice of 
the learned sequence and during transfer testing of a novel sequence.  
121 
 
Chapter 5: Using Mean Absolute Relative Phase, Deviation Phase, and Point-estimation Relative 
Phase to Measure Postural Coordination in a Serial Reaching Task 
 
 
 
 
Abstract 
 
 
This brief communication presents the methods used to calculate mean absolute relative phase 
(MARP), deviation phase (DP) and point estimate relative phase (PRP) and compares their utility in 
measuring postural coordination during the performance of a serial reaching task.  MARP and DP are 
derived from continuous relative phase time series representing the relationship between two body 
segments or joints during movements. MARP is a single measure used to quantify the coordination pattern 
and DP measures the stability of the coordination pattern. PRP also quantifies coordination patterns by 
measuring the relationship between the timing of maximal or minimal angular displacements of two 
segments within cycles of movement. We will discuss the strengths and limitations of using MARP and DP 
and compare MARP and DP to PRP measures in the context of assessing postural coordination patterns in a 
serial reaching task.  
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Introduction 
 
Characterizing postural coordination strategies may be important for understanding how the 
postural system is regulated during functional movements. Mean absolute relative phase (MARP), 
deviation phase (DP) and point-estimation relative phase (PRP) are potential measures to characterize 
postural coordination. Relative phase between two joint or body segment angles characterizes inter-joint 
coordination patterns during gait (Barela, Whitall, Black, & Clark, 2000; Burgess-Limerick, Abernethy & 
Neal, 1993; Kurz & Stergiou, 2002, 2004). Stable and unstable coordination patterns have been found using 
relative phase with oscillating bimanual tasks (e.g. Kelso, 1984; Milliex, Calvin & Temprado, 2005) and 
visual tracking postural tasks (e.g. Bardy, Oullier, Bootsma, & Stoffregen,  2002; Faugloire, Bardy, & 
Stoffregen, 2006). MARP and DP are single measures derived from continuous relative phase curves that 
could quantify coordination patterns and describe the stability of the patterns during functional movements. 
PRP measures relative phase by comparing the time to maximal or minimal angular displacement of one 
joint within a cycle of angular displacement of a reference angle (Kurz & Stergiou, 2004; Wheat & Glazer, 
2005; Zanone & Kelso, 1992). Means and standard deviations of PRP across the movement cycles provide 
coordination modes and variability within a single trial (Bardy, 2005; Bardy et al., 2002; Fauglorie et al., 
2006, Oullier, Bardy, Stoffregen, & Bootsma, 2002). Postural coordination patterns have previously been 
characterized in terms of in-phase (close to 0 degrees) and anti-phase (close to 180 degrees) hip and ankle 
relationships in visual tracking tasks using PRP (Bardy, Marin, Stoffregen, Bootsma, 1999; Bardy, et al., 
2002; Faugloire, et al., 2006; Oullier et al, 2002). In-phase and anti-phase postural coordination patterns 
may also be demonstrated during reaching tasks.  
The selection of a relative phase measure must relate to the type of movement within the task 
being assessed, e. g. continuous or discrete movements. PRP measures may be easily attained during 
continuous cyclical movement tasks, such as walking or frequency induced postural sway, where clear 
displacement peaks of the comparison angles are repeatedly attainable. MARP has been proposed as a valid 
measure of joint relationships during gait cycles (Kutz & Stergiou, 2004) and might also characterize in-
phase and anti-phase postural sway patterns. Because MARP is an average of a continuous relative phase 
curve over the duration of a movement, lower values are interpreted as being more in-phase and higher 
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values are interpreted as more anti-phase relationships. Low DP values are considered to represent 
increased stability while high DP values represent decreased stability of the coordination pattern (Kurz & 
Stergiou, 2004). MARP and DP may be of greater value during the analysis of discrete movements or 
phases of movements where a description of dynamics of the joint interactions across the entire movement 
is desired.  
We have used MARP for examining proximal and distal postural coordination strategies during 
discrete reaching (Galgon & Shewokis, 2006; Chapter 1). In a pilot study, five healthy young adults 
performed a discrete arm raising and lowering reaching task under arm conditions (unilateral versus 
bilateral arm movements) and different target heights (three targets separated by 17 cm, vertically). 
Changes in postural coordination dynamics as measured by MARP where highly evident when examining 
different task constraints. Target height had a main effect on dominant shoulder-ipsilateral hip MARP (F2,8 
= 38.75, p < 0.0125). Arm condition had a main effect on dominant shoulder-contralateral hip MARP (F1,8 
= 59.62, p< 0.0125) and contralateral hip-ankle MARP (F1,8 = 41.81, p < 0.0125) (Galgon & Shewokis, 
2006). The results supported anticipatory postural adjustment changes associated with reaching arm 
conditions (Zattara & Bousissett, 1988) and target variations (Kiminski & Simpkins, 2001). The 
quantitative (MARP) results also supported the qualitative (angle-angle plots) analysis (using techniques 
described by Winstein & Garfinkel, 1989) for arm variation on postural coordination.  
In our investigation of postural coordination during the learning of a novel serial reaching task, we 
were concerned as to whether these measures would provide a description of postural coordination that 
could be consistently quantified across practice. The serial reaching task included 15 sequential arm 
movements that subjects learned with three days of practice by following light targets, which were 
displayed in front of them. The movements generated during this task could not easily be classified as 
either continuous or discrete.  
A problem in calculating PRP within a multistep task is selecting reference points; the peaks 
and/or troughs in the angular displacement time series that are used for the maximum or minimum values 
(Wheat & Glazer, 2006). Changes in angular displacement of postural joints may be small and gradual, 
which may additionally contribute to problems when selecting the reference points for analyzing postural 
coordination. Using MARP and DP may be a problem in a serial task because discontinuous movements 
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may create phase distortions in continuous relative phase curves. Phase distortions may include phase shifts 
(Kurz & Stergiou, 2002) or phase wrapping (Milliex, Calvin & Temprado, 2005), typically associated with 
360 degree phase angle data. A phase shift is a temporary 360 degree shift in the relative phase data array 
(Kurz & Stergiou, 2002). The shift occurs when the instantaneous phase angle of one joint crosses over the 
zero axis (values change from 360 to 0 degrees) with the comparison joint phase angle crossing the axis at a 
later time. The result is a temporary + 360 degree jump in the continuous relative phase curve. Phase 
wrapping occurs when there is no consistent relationship between the comparison angles or when the 
relative phase is non-stationary (Milliex, Calvin & Temprado, 2005), e. g. when one joint was moving and 
the other was relatively still. Phase distortions create errors in MARP and DP values, if these errors cannot 
be corrected. PRP measurements may be more easily applied to a serial task because relative phase is not 
averaged over a complete cycle, asymmetries and irregularities in the actual motion of are eliminated 
(Zanone & Kelso, 1992) and phase distortions do not need to be addressed. However, PRP measures could 
potentially miss important joint relationship changes during a serial task. These PRP omissions might occur 
between point-estimations.  
Although these relative phase measures are not novel in describing movement coordination 
patterns, they have not been widely applied to measuring postural coordination, nor have they been 
reported in the analysis of coordination for standing and reaching tasks. The utility of applying relative 
phase measures to serial movements has not been previously ascertained. Within the method section, we 
describe visual inspection of the data and define the corrections made to insure consistent calculation of 
MARP, DP and PRP with the serial reaching task. We present a comparison of the MARP and DP 
measurements to the PRP measurements in a subset of subjects who participated in a study examining the 
learning of a novel serial reaching task. Our purpose is to present the methods we used to calculate postural 
coordination dynamics and discuss the strengths and limitations of each measure within the context of a 
serial reaching task. 
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Method  
 
Participants: 
Seven participants were randomly selected from a sample of healthy young adults who had 
originally consented to participate in the learning study (Galgon, Shewokis & Tucker, 2009). These seven 
individuals included two males and five females (mean age of 25 + 3 years; mean shoulder height of 56 + 3 
inches: mean weight of 164 + 28 lbs). Participants were included if they were between 18-49 years, and 
excluded, if they felt they could not easily perform the required activities, could not participate in all 
experimental sessions, or had any disorder that may affect their performance, such as an acute or chronic 
muscular skeletal condition, a vestibular or other neurological disorder. Prior to recruitment, institutional 
internal review board approval was obtained.  
Instrumentation and Initial Processing: 
A light emitting diode (LED) board (David Solomon, Department of Neurology, Johns Hopkins), 
a large plywood board mounted to a rolling frame with embedded LEDs, were used as targets to direct arm 
movements.  Customized timing programs (Labview 5.02 software, National Instruments) operated the 
LED board. To detect each target LED onset, a five volt signal was input into a Peak System‟s 12 bit A-to-
D interface unit (Peak Performance Technologies, Centennial, CO.). The LED board was positioned one 
arm length plus 10 inches in front of the participants. The LED targets were set such that during an anterior 
reach with the elbows extended toward the middle target (B), the shoulders were positioned at 
approximately 90 degrees of flexion. Two additional LED targets were 17 centimeters vertically above (A) 
and below (C) the middle LED target.  
Three-dimensional Kinematic data was obtained from a four (60 Hz) video camera system (Peak 
Performance Technologies, Centennial, CO). Reflective markers were attached to bony landmarks (lateral 
acromium, lateral epicondyl, lateral styloid process, C8 and S1 spinous processes, anterior iliac spine, 
greater trochanter, lateral tibial plateau, lateral malleolus, calcaneous, and between the second and third 
metatarsals on dorsum of the foot) to create body segment representations of the trunk, upper and lower 
extremities. The Peak Motus, version 8.2, software was used to digitized marker images, to capture the raw 
kinematic data and calculate sagittal plane anatomically referenced angular displacements for the right 
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shoulder, hip, and ankle. Angular velocities were calculated using the central difference method. Angular 
displacement and velocity data was smoothed with a 4th order 6 Hz Butterworth low pass filter. The 
kinematic data was also matched to the target signal onsets. 
Experimental Procedure: 
Each participant stood with their arms fully extended, with forearms pronated, hands resting on 
the thighs and grasping a wooden rod facing the LED board. A tone sounded to inform the participant to 
get ready and was followed by the lighting of target B. The participant moved their hands to the level of the 
target B. A 15 step sequence of lights, using targets A, B and C, was presented at 1-second intervals. The 
sequence ended on target B and a tone signaled the end of the trial. The sequence was practiced for 100 
trials, with rests of 30 seconds between trials and 1-3 minutes between blocks of ten trials. Prior to each 
block, the following instructions were given: “match the rod to the level of each target as fast as possible 
after the light turns on.” The participants performed 100 trials for two additional sessions with an average 
interval between practice sessions of 20:39 hrs:mins (+ 4:13) (Galgon et al, 2009; Chapter 2).   
MARP and DP Calculations 
A representation of the steps to calculate the continuous relative phase curve for shoulder-hip 
coordination for an upward and downward arm movement is illustrated in Figure 5.1. The angular 
displacements (θ) and velocities (ω) were normalized using the following equations:  
3) normalized θi = [2x(θi – min (θi))/ max(θi) – min(θi)]-1,  and   
4) normalized ωi  = ωi/max(|ωi|),  
where i represents each iteration in the data array,  min(θi) and max(θi) equals the minimal and maximal 
points in angular displacement data array, and max(|ωi|) equals the maximal value in the absolute angular 
velocity data array. Normalized angular displacement and velocity time series were used to construct phase 
plane portraits for shoulder, hip and ankle joints, separately (Barela, Whithall, Clark, & Black, 2000; Kurz 
& Stergiou, 2002). Normalization placed the phase plane portraits in a polar coordinate system with a 
center origin (Wheat & Glazer, 2005) and was required to accommodate joint differences in ranges of 
angular displacements. For example, within a trial, shoulder angle displacement might range from 60 to 
100 degrees of shoulder flexion and hip angle displacement might range from -15 to -5 degrees of hip 
flexion. Without normalization, the phase plane portraits would be plotted in different quadrants (positive x 
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quadrants for the shoulder and negative x quadrants for hip), resulting in altered phase angle calculations 
and incorrect relative phase values. Phase angle (φ) time series were calculated as φi = arctan [normalized 
(ωi) / normalized (θi)] from each phase plane portrait. Two continuous relative phase curves were 
constructed to represent proximal (shoulder–hip) and distal (hip-ankle) postural coordination dynamics, 
separately. Relative phase curves were calculated as equal to the i
th
 point in the phase angle curve of the 
distal joint minus the i
th
 point in the  phase angle curve of the proximal joint (Barela et al, 2000; Kurz & 
Stergiou, 2002).  MARP was calculated, as ΣN i=1 |Relative Phase|/N, during each trial. DP was calculated 
as the average of the standard deviation of the i
th
 point on the absolute relative phase curves for 10 trials in 
a measurement epoch, ΣN i=1 |SD|/N.  MARP and DP were calculated for each movement interval and then 
averaged across all intervals to obtain the final values. 
Prior to MARP and DP calculations, visual inspection of continuous relative phase curves and 
manual corrections to phase shift distortions were made. To keep corrections as consistent as possible and 
to prevent changing the dynamics of the curve for the MARP and DP calculations, four rules were used.  
1) If the relative phase curve was close to 180 degrees (90° > i < -90°), phase shifts were 
corrected in the positive direction (+360°). Figure 5.2a demonstrates a corrected curve when 
the data array was closer to 180 degrees. 
2) If the relative phase curve was close to zero (90°< i > -90°), phase shifts were adjusted by + 
360° to maintain array trajectory close to zero.  Figure 5.2b demonstrates phase shift 
corrections for a data array that was close to zero. 
3) When a + 360° shift in the relative phase curve occurred during phase wrapping, no 
correction to the data was made, because the shift was not temporary and a bias in the MARP 
toward mid range values was assumed. Figure 5.2c demonstrates an uncorrected relative 
phase curve where phase wrapping and a shift in occurred.  
4) Relative phase values between + 270° and 360° were adjusted to + 90° to 0° to account for 
redundancy of the 360  data. We assumed that values between + 270 to 360° were closer to 
an in-phase coordination pattern. This correction prevents a skew toward a higher MARP 
value, which may result in a misinterpreted anti-phase coordination relationship. 
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Since all corrections either added or subtracted 360 degrees to the original relative phase curve, there was 
no change in the curve dynamics with respect to the direction or slope of the curve.  
PRP Calculation  
Angular displacement time series for the shoulder, hip, and ankle were used to calculate PRP. PRP 
was calculated using the following equation: [(ttarget – to)/(t reference- to)] x 360°, where to = time of the origin 
maximum point of a reference angle or the start of cycle, ttarget = time of maximum point of comparison 
angle within the cycle, and treference =  time of maximum point of reference angle at the end of cycle (Zanone 
& Kelso, 1992). The hip angular displacement time series gave the most consistent repeated peaks across 
the trials. Therefore, the hip was designated as the reference angle and the shoulder and ankle were 
designated as target angles for the proximal (shoulder-hip) and distal (hip-ankle) PRP measurements as 
shown in Figure 5.3 a-b. Peaks in angular displacement were identified as the maximum value in the time 
series within each of the 15 arm movement intervals. In order to identify consistent periods, two intervals 
were considered to represent a cycle (one up and down arm movement). As a result, the peaks of the 
reference angle were determined from the maximum values in intervals 1 and 3 for period one, 3 and 5 for 
period two, and so forth. The average of the estimated points from five to seven periods determined the 
PRP for each trial. Visual inspection of the time series was required to determine if maximum points were 
identified correctly. Periods were removed from the average if either the reference or target angles did not 
have an observable peak during that period (Oullier et al, 2002).  
Data Analysis: 
This study used a repeated measures design to examine the participants‟ performances across three 
practice sessions. The proximal and distal MARP, DP, PRP measures were determined by the average 
value of 10 trials at three points, early (trials 6-15) middle (trials 46-55) and late (trials 86-95) during 
practice within each of three sessions (S1, S2, and S3). Standard deviations (SD) across the ten trials and 
the average inter-trial SD for MARP and PRP were calculate to look at the variability of each measure. 
Paired t-test (two tailed) was to determine if MARP, DP, PRP and inter-trial SD of PT would distinguish 
between proximal and distal joint dynamics and early(S1 early) and late practice (S3 late). Cohen‟s d was 
calculated to determine effect size of any significant findings. Correlations and the 95% confidence 
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intervals CI) of the correlations were calculated between each of the measures from all 9 measurement 
points to analyze any associations. 
 
Results 
 
Table 5.1 displays means and SD of the seven participants for all the measures during early and late 
practice of the serial reaching task. Mean proximal PRP and MARP values were similar, but mean distal 
PRP values appear closer to 180 degrees than distal MARP values. Although practice did not have an effect 
on MARP, PRP, and DP values across all participants, individual participants changed relative phase values 
in different directions. Figure 5.4 demonstrates the different directional changes in continuous relative 
phase curves, MARP, PRP and DP values from early to late practice by two participants.  
Both MARP and PRP values could distinguish between proximal and distal joint dynamics (t62 = 5.79, 
p<0.001, d = 0.74 and t62 = 10.54, p <0.001, d = 1.34, respectively). DP values distinguish between the 
variability in proximal and distal joint relationships (t62 = 6.34, p<0.001, d = 0.81), but inter-trial SD of 
PRP did not. Distal MARP and PRP values were significantly higher than proximal and distal DP values 
were higher than proximal values  
Shoulder- hip MARP and PRP were strongly related (r = 0.86, 95% CI = [0.78, 0.91]). Figure 5.5a 
presents the linear relationship between proximal MARP and PRP values. Because of a natural break in the 
relative phase data, proximal MARP and PRP data were categorized as greater or less than 100 degrees. 
Two individuals had shoulder-hip MARP and PRP values less than 100 degrees and five individuals had 
values that were consistently above 100 degrees. When values were categorized above and below 100 
degrees, a strong association was found between MARP values and variability, DP (r = -0.70, 95% CI = -
[0.81; -0.55] and r = 0.70, 95% CI = [0.55; 0.81]) for values > and < 100°, see Figures 6 b-c). Only PRP 
values less than 100 degrees were moderately associated with variability, inter-trial SD of PRP (r = 0.55, 
95% CI = 0.33; 0.70). Hip-ankle MARP and PRP exhibited low associations (r = -0.21, 95% CI = [-0.39; 
0.04]), while all hip-ankle MARP and PRP values were greater than 100 degrees. Hip-ankle MARP was 
inversely related to inter-trial SD of Hip-ankle MARP (r = -0.74, 95% CI = [-0.83; -0.60]) and hip-ankle 
DP (r = -0.80, 95% CI = [-0.87; -0.69]).  The MARP and DP associations suggest that when the average 
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MARP values are closer to 0° or 180° there are lower DP values or less variability, and when MARP values 
were at middle ranges there were larger DP values or more variability. This relationship was not evident 
with PRP and the PRP variability measures. 
 
Discussion 
 
For this serial reaching task we have interpreted the MARP and PRP values cautiously, and 
propose that values above 100 degrees represent trials where joint coordination spent more time in anti-
phase and values less than 100 degrees represent trials where joint coordination spent more time in an in-
phase relationship. Our caution is because of periods of non-stationary relationships between the joint 
segments in movement patterns during the serial reaching task, which may limit the interpretation of PRP 
and MARP values. Both measures appeared to estimate in-phase and anti-phase relationships and 
distinguish between shoulder hip and hip ankle postural coordination in performance of this serial reaching 
task. Proximal PRP and MARP were highly related and both measures used to identify when participants 
used predominately in-phase or anti-phase coordination patterns. In addition, distal PRP and MARP 
measures were classified all the participants‟ distal postural coordination patterns as predominately anti-
phase. The main effects of joint relationship on PRP and inter-trial SD of PRP suggest that these measures 
may distinguish between proximal and distal patterns of movements. The fact that practice did not affect 
MARP or PRP could partially be attributed to individuals having different directional changes in 
coordination patterns across practice. For example, participant 4 (Figures 5.4 a-b) demonstrated increasing 
MARP and PRP values suggesting increased time spent in anti-phase across practice and participant 8 
(Figures 5.4 c-d) demonstrated decreasing MARP and PRP values suggesting increased time spent in in-
phase across practice. The individual variability in postural joint dynamics agrees with the concept that 
multiple postural configurations are available to support postural stability during reaching (Riccio, 1993b). 
Changes in motor coordination during learning of new skills may be different among individuality (Button, 
Davids, & Schöllhorn, 2006). 
The relative stability of these coordination patterns could be assessed by looking at the variability 
in the continuous relative phase curves and point-estimations, DP and inter-trial SD of PRP. We found 
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stronger relationships between MARP and DP, than PRP and inter-trial SD of PRP. The relationship 
between MARP and DP would suggest that there is potential in finding stable in-phase (close to 0 degree) 
and anti-phase (close to 180 degree) patterns of postural coordination. The variability in magnitude of 
MARP and DP changes may be reflected in an individuals‟ predisposition to use a specific postural 
coordination strategy or because of responsiveness to changing their postural strategies (Faugloire, Bardy, 
& Stoffregen, 2006). During continuous visual tracking tasks the ranges of the average inter-trial SD of 
PRP were reported to be between 20 and 30 degrees when hip-ankle coordination were in stable in-phase or 
anti-phase patterns and greater than 60 degrees when hip-ankle coordination was in unstable patterns 
(Bardy et.al, 2002). The variability measures, DP and inter-trial SD of MARP and PRP, were higher in the 
serial reaching task (see Table 5.1) as compared to variability during visual tracking task. This might 
suggest there are unstable patterns of coordination in the serial task.  However, the nature of this serial task 
with discontinuity of movements and inter-trial transitions between patterns might explain the greater 
variability as compared to the continuous oscillating nature of a visual tracking task. The values of any 
relative phase measure and the variability will likely be task dependent.  
Considerations for MARP and DP in a serial task 
A cautious approach is needed when interpreting MARP and DP with a serial reaching task.  First, 
important dynamics may be lost when averaging the continuous relative phase curves in either discrete 
(Figure 5.1d) or serial tasks (Figure 5.4). The arm movements in the serial task contained two different 
amplitudes with starts and stops and the postural responses were also discontinuous. Within any trial, the 
continuous relative phase curve moved through a great range of values and contained periods when the 
joint relationship was close to in-phase, anti-phase, and/or transitioning between the two modes.  
Individuals who used in-phase and anti-phase patterns at different points within the task would have more 
mid range values. Any single measure used to estimate a joint relationship over time will have this 
problem, if relationships between the segments are changing. One advantage of using MARP in a serial 
task is that dynamics of the movements may be better captured during a specific phase or step of the task. 
This could be analogous to using MARP to look at joint relationships the during stance phase of gait. 
Although we did not present MARP or DP within each of the 15 movement intervals, the calculations were 
the averages of the values at each interval. Analysis of interval MARP may give insight into the changing 
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dynamics at different points in performance of the serial task. An example might be a participant who uses 
an in- phase shoulder-hip coordination pattern during the early intervals but demonstrated an anti-phase 
pattern in other intervals (Figure, 5.4b). 
Phase distortions in the continuous relative phase curves were the most frequent problem that occurred 
during data processing. Corrections for phase shifts were not difficult, but time intensive for long data 
arrays. Phase wrapping was a more notable concern. Continuous relative phase curves that were 
predominately in an anti-phase or in-phase coordination pattern were often changed by phase wrapping 
because of discontinuity in the movement. Phase wrapping will also bias MARP toward mid range values 
and may increase the DP value. We experienced phase wrapping more often in the distal continuous 
relative phase curves, which might explain why distal MARP values were lower than PRP values. PRP 
measures were not as strongly influenced by movement irregularities as MARP measures. Another bias in 
the MARP calculation is that by taking the absolute value of the relative phase curve any negative number 
is eliminated, thereby preventing MARP values to cancel out and to equal zero degrees.   
Consideration in using PRP in a serial task 
 Selecting of the reference peaks was a major problem in calculating PRP for postural joint 
relationships in a serial reaching task. PRP assumes that the angular displacement time series will present 
as quasi-sinusoidal movement patterns. Although we saw sinusoidal patterns in the sagittal plane arm 
movement task, discontinuity in the movements decreased the ability to identify point-estimation values for 
each identified period. In addition we found that ankle displacements during this task were often very small 
or gradual, which resulted in difficulty identifying target peaks within some of the reference angle (hip) 
periods. Figure 5.3 a) demonstrates a trial in a participant where ankle target peaks were easily identified 
and Figure 5.3 b) demonstrates a trial in a different participant where ankle target peaks were hard to 
identify. A similar problem was noted by Oullier and colleagues (2002) when calculating hip-ankle PRP 
during a ten second oscillating visual tracking task. In the visual tracking task only 4 point-estimations 
were used to calculate hip-ankle PRP for a trial. When unambiguous peaks could not be identified, 
reference periods were eliminated from the calculation (Bardy, et al., 2002; Faugloire, et al., 2006; Oullier, 
et al., 2002). We also eliminated reference periods, and were able to capture between 5 and 7 periods 
within the serial 17.5 second task. Generally, later in practice, hip and ankle displacements were smaller 
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resulting in more eliminated periods. The limited number of values available to calculate PRP with each 
trial could affect the PRP and the inter-trial SD of PRP values. High inter-trial variability of PRP was 
evident in the serial reaching task. We propose that point identification problems as well as task differences 
between visual tracking and sequential reaching may contribute to the different variability in PRP values in 
this study.  
 Although PRP is a much simpler calculation and does not require any manipulation of kinematic 
data, the elimination of reference periods was a concern.  In a multi-step task, PRP measures does not 
account for what might happen in the periods when point-estimations were eliminated. As a result we 
preferred MARP and DP in the serial reaching task over PRP, because of the ability to capture all the 
relative phase information across the trial and the ability to examine relative phase within the intervals or 
steps of the task.   
The advantages and disadvantages of using MARP, DP and PRP measures are summarized in 
Table 5.2. The limitations in calculating these measures require clear definitions of how the data will be 
handled for consistency and how to minimize errors and bias in the values. The nature of the serial reaching 
task may require that qualitative analysis, such as angle-angle plots; accompany the relative phase measures 
for more comprehensive interpretations of postural coordination. Careful consideration of the nature of the 
task and the resulting movement patterns are needed to guide the choice of measures for use in analysis. 
Switching of coordination patterns may be required for stability and task orientation, as the postural system 
accounts for more dramatic force interactions of the multistep arm movement tasks than during 
performance of oscillating visual tracking tasks. All the coordination measures may be useful to classify 
stable and unstable postural movement coordination patterns. However, MARP and DP may be 
advantageous when analysis of joint relationships across an entire movement is desired, as in discrete or 
phases of movement. PRP and SD or inter-trial PRP may be more efficient with more continuous tasks 
where regular cycles of movements can be determined.   
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Figure 5.1 a-d: The method for calculating continuous relative phase: a) shoulder and b) hip phase plane 
portraits during upward (solid line) and downward (dotted lines) movements; c) shoulder and hip phase 
angles and d) relative phase between the two joints (vertical line separate upward and downward 
movements). 
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Figure 5.2 a-c: Corrections to the continuous relative phase curves for phase shifts: a) where data trajectory 
is close to 180 º, b) when data trajectory is close to 0 º, and c) during a phase wrapping when no correction 
was made.  
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Figure 5.3a-b: Method to calculated point-estimation relative phase using of shoulder, hip and ankle 
angular displacements; a) in a participant using a serial arm movement pattern and b) a participant using a 
continuous arm movement pattern. Maximal points identify time (t) for origin and reference and target 
points used to calculate point-estimation relative phase. 
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Table 5.1: Means and Standard Deviations (SD) of Mean Absolute Relative Phase (MARP), Point-
estimation Relative Phase (PRP), Deviation phase (DP), and Across-trial SD and Inter-trial SD of MARP 
and PRP during Practice of a serial Reaching Tasks: Measurement points represent Early session 1 (S1) and 
late session 3 (S3). 
 
 Shoulder- Hip Hip-Ankle 
 Early S1 Late S3 Early S1 Late S3 
MARP 115.72 
(27.20) 
114.52 
(40.33) 
132.86 
(16.53) 
143.66 
(9.66) 
PRP 116.59 
(27.88) 
114.49 
(42.96) 
166.01 
(7.16) 
167.23 
(13.67) 
DP 50.37 
(6.48) 
51.10 
(10.89) 
60.17 
(7.41) 
62.31 
(6.53) 
Across trial SD 
of MARP 
14.06 
(5.81) 
14.27 
(6.79) 
19.09 
(5.76) 
18.08 
(4.76) 
Across trial SD 
of PRP 
13.67 
(6.68) 
16.38 
(4.67) 
22.05 
(7.90) 
23.68 
(5.29) 
Inter-trial SD 
of MARP 
35.92 
(4.87) 
43.51 
(7.65) 
35.50 
(8.45) 
39.92 
(5.65) 
Inter-trial SD 
of PRP 
49.70 
(19.96) 
61.53 
(13.97) 
53.16 
(13.49) 
63.59 
(9.06) 
Note: All values are in degrees 
DP measures the variability across 10 continuous relative phase curves in each measure point. 
Across trial SD of MARP and SD of PRP measure the variability of the values across 10 trials within each 
measurement point 
Inter-trial SD of MARP and PRP measure the variability of the values within each trial 
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Figure 5.4 a-d: Graphs of ten shoulder-hip (SH) continuous relative phase curves for participants 4 (P4) 
and 8 (P8) during practice of a sequential reaching task: a) and c) early session one; b and d) late session 
three. With practice P4 demonstrated increased SH Mean absolute relative phase (MARP) and point-
estimation relative phase (PRP) (increased in time spent in anti-phase relationship) and P8 demonstrated a 
reduction in SH MARP  and PRP (increased time spent in in-phase relationship). 
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Figure 5.5 a-c: Graphs of linear relationship between a shoulder-hip (SH) mean absolute relative phase 
(MARP) and point-estimation relative phase (PRP) values (a), and relationship between SH MARP and DP 
values when SH MARP values were categorized as < 100° (b) and > 100° (c). R
2
 represents the amount of 
variance explained by the associations. 
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Table 5.2: A Comparison of the Advantages and Disadvantages of MARP, DP and PRP for Estimating 
Joint Relationships during Movement Tasks 
 Potential Uses Advantages Disadvantages 
MARP 
DP 
Continuous 
movements 
Discrete 
movements 
Serial 
movements? 
 
MARP 
 Quantifies (estimates) 
inter-joint relationships 
during movements 
 Averages all relative curve 
data points 
 Reflects the whole curve 
dynamics 
 Accounts for both 
displacements and 
velocities of joint or 
segment angles 
DP 
 Quantifies variability 
across several trials or 
cycles of movements 
 Examines the variability 
along the whole curve or 
variability of the shape of 
the curves 
 Multiple step calculation 
 Postural joint movements and 
positions may require normalization 
of angular displacements and 
velocities 
 Non- stationary relationships more 
likely seen in serial task; resulting in 
phase wrapping, e.g. one joint 
movement and one joint not moving  
 Phase distortions (phase shifts and 
phase wrapping) in relative phase 
curve may distort or bias values  
 Requires visual inspection and 
manual corrections  for longer 
movements 
 Absolute value bias the value away 
from zero 
 Redundant values within 360 degree 
data 
PRP 
SD of 
PRP 
Continuous 
movements 
Serial 
movements? 
 
PRP 
 Quantifies (estimates) 
inter-joint relationships 
during movements 
 Simple calculation to 
determine relative phase 
relationship 
 Can be used with joint 
moving through different 
amplitudes and positions 
 Eliminates asymmetries 
and irregularities in the 
actual motion of a task 
(Zanone & Kelso, 1992) 
 
Inter-trial SD of PRP  
 Quantifies variability 
across a several periods 
with in a task. 
 Measured stability of 
postural coordination 
pattern in continuous tasks 
 May eliminate important joint 
relationship dynamics between 
maximal peaks. 
 Must have at least two unambiguous 
maximum or minimum points 
within the reference angle; 
decreases utility with discrete 
movements or if examining 
movement intervals  
 Shorter duration tasks may have a 
small number of reference periods 
available to calculate PRP 
 Selecting peaks may be difficult 
within serial tasks: non-sinusoidal 
signals (Wheat & Glazer, 2006) 
 Postural movements are often small 
and gradual resulting in a decrease 
number of unambiguous points.  
 Requires visual inspection of point 
selection. 
 Redundant values in 360 within 
degree data 
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Chapter 6: Summary 
 
 
 
 
This chapter presents a brief summary of the dissertation by reviewing the original aims presented 
in the proposal, results and the overall conclusions drawn from this research. The work was the first effort 
to use a motor learning paradigm to study postural control in a serial reaching task, therefore the limitations 
and unanticipated issues that arose within the research process will be addressed. This discussion of 
unanticipated issues includes changes that occurred after the proposal and potential limitation of the 
methods. Possible solution to these limitations will be given which may be incorporated into future studies. 
Lastly, the impact this research could have on rehabilitation sciences will be discussed.  
Three specific aims, presented in chapter one, were addressed in this dissertation: Specific aim 1) 
determine the change in postural control strategies from early to late learning of a sequential reaching task, 
Specific aim 2) determine the nature of the transition of postural strategy during skill acquisition, and 
Specific aim 3) determine the effect of practice on postural control memory and generalizability during the 
learning of an upper extremity task and a similar task. Specific aims 1 and 2 were addressed in Chapters 2 
and 3. Chapter 2 focused on the acquisition of the two action-goals of a serial task: hand accuracy and 
consistency, and relative postural stability. Chapter 3 presented the results of the movement level analysis 
and the neuromotor processing level of analysis of postural control during the acquisition of the serial 
reaching task. Specific Aim 3 was addressed in Chapter 4. Chapter 5 presented a description of the methods 
used to calculate MARP and DP and a comparison of MARP and DP to PRP and SD of PRP with a 
subgroup of participants in the experiment. The strengths and limitations of using MARP and DP were 
discussed due to the limited results found in postural movement strategies using these measures.  
 
Conclusions 
 
For specific aims 1 and 2, the results showed within and between session differences in hand 
accuracy and consistency, anterior TtB and % BFMG activation, and suggested both fast explicit and slow 
implicit learning processes when acquiring the focal-action-goal and more gradual implicit learning 
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processes from changes in the postural action-goal and neuromotor processing level measures. Gradual 
improvements in relative postural stability and a reduction of postural muscle activation may represent 
improved efficiency of control (Ko, Challis & Newell, 2002: Patla, Ishac & Winter, 2002). Transitional 
changes in postural control strategies were not evident and dramatic changes in postural movement 
strategies appeared not to be required to support the learning of the serial reaching task. For specific aim 3, 
memory and generalizability of relative postural stability and neuromotor processing level of control were 
evident. After the retention interval, hand consistency, relative postural stability and percent of posterior 
muscle activation were maintained in two recall conditions, but hand accuracy was retained only in the 
cued recall condition and not in the free recall condition. The hand accuracy and consistency and relative 
postural stability generalized to two transfer tasks where an alternative arm configuration of the practiced 
task were performed, but performance partially degraded in a transfer task with a novel sequence. This is 
important because postural control may not generalize well to some novel task constraints and may impact 
how much variability in postural control training is required to improve balance in a variety of functional 
activities.  
 
Changes from the initial proposal 
 
After the initial proposal there were changes in this work that are reflected in the chapters 
reporting the results. The first change was in the title of the task being learned. The task was described 
starting in Chapter 2 as a “serial” rather than a sequential reaching task.  This did not reflect a change in 
procedure of the study, but rather a change in term to be more consistent with the motor learning literature 
(Schmidt & Lee, 2005). Although a sequence of movements was learned in this study, we wanted to 
distinguish the task from discrete and continuous tasks, which have been previously studied. Postural 
control has not previously been examined in a serial reaching task.  
The second change from the original proposal was the EMG measurement in the final analysis. 
We did not anticipate the high variability in postural muscle activation patterns shown in the participants. 
Regular burst patterns of agonist and antagonist were not consistent and did not relate to the time or 
direction of the arm movements in all individuals or across practice as expected. However, a reduction in 
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activation of postural muscles across practice was observed.  In order to test this, % biceps femoris and 
medial gastrocnemius activation was summed. Therefore, conclusions can only be drawn from level of 
muscle activation in the posterior postural muscles. Further analysis is still required to determine how 
activation patterns relate to individual, task or environmental constraints within a serial reaching task.  
The last notable change was that maximal hand velocity was reported (Chapter 3) instead of % of 
maximal hand velocity. Measurements of maximal hand velocity in the MV trials before the practice were 
variable.  Several participants produced hand velocities in these trials that were slower than the velocities 
that were attained in practice. Consequently, the assumption that hand velocity during practice would vary 
as a percentage of some fixed maximal capability was flawed. For example, two individuals with similar 
maximal hand velocity values had different calculated % of max hand velocity values; in one case it was 
less than 100%, and the other it was greater than 100%. To ensure that the data truly represented changes in 
hand velocity, maximal hand velocities (max hand velocity) was analyzed. 
 
Limitations in the serial reaching task 
 
Several factors may have contributed to increased error in the participants‟ performance of the 
focal action-goal and the variability of strategies used. First, no feedback on performance was given. The 
participants‟ interpretation of the instructions was not well controlled and may have contributed to 
variability in the individuals‟ performances. In the instructions, there was an emphasis on moving as 
quickly as possible to the next target, but the participants did not receive feedback on either the speed of 
their movements or the accuracy of reaching the target level. Some individuals appeared to use a speed 
strategy while others used an accuracy strategy. This was partially reflected in the three arm movement 
strategies reported in Chapter 2. Investigating the effect of instruction on the performance of this task may 
improve insight into the variability for future experiments. Secondly, the measurement of accuracy was 
based on hand height matching target height. The target was placed 10 inches anterior to the hands and the 
visual line of the wooden rod to the target may not have matched the desired height of the target. Perceptual 
biases may have accounted for overshooting or undershooting of targets. Participants who consistently 
overshot or undershot targets demonstrated higher ACE. Providing feedback on performance and/or 
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creating targets that participants had to touch or hit may decrease the variability in performance seen in this 
experiment.  
 The measurement of consistency (variable error, VE) in this task could also be modified to better 
represent the variability of error across trials. The original design measured accuracy and consistency 
within each target interval and averaged these measures across each trial, which resulted in a within trial 
measurement of variability. However, all of the postural variability measurements (e.g. SD of TtB, DP, and 
SD of % BFMG) examined across trial variability. To be consistent with these method of analysis an across 
trial variability measure could have been used, such as the root mean square error of the hand trajectory, 
 
Limitations in the TTB measure 
 
The interpretation of what component of postural stability is being controlled by the participants may 
be limited by evaluating TtB alone. TtB is calculated from the instantaneous COP distance to boundary 
divided by the instantaneous velocity and is proposed to measure the perception of COG within the base of 
support or a spatio-temporal safety margin (Martin, 1990; Riccio, 1993; van Wegen, et al. 2002). In the 
pilot study, where participants performed discrete up and down arm movements, COP velocity based 
measures (including TtB) were more affected by target height than COP distance based measures (Chapter 
1). COP velocity based measures have been suggested to better capture force dynamics in other standing 
tasks (e.g. Chiari, Cappello, Lenzi, & Croce, 2000; Nougier, Bard, Fleury, & Teasdale, 1997). However, 
Patten et al. (2000) showed the “spatial safety margins” or distance to boundaries were more responsive 
than spatio-temporal safety margins during practice of a discrete pulling task. Further analysis may show 
differences as to whether the velocity or the distance to boundary component of TtB is what changed in this 
study.  It is conceivable that differences in postural configuration may more likely impact the distance to 
boundary component and the dampening of postural response may more likely effect the velocity 
component. Chapter 2 provides an additional discussion on the interpretation of the TtB measures in 
regards to CNS control of center of mass within the base of support.  
Additionally, task specific postural stability requirements and the method of measuring center of 
pressure in relationship to boundaries should be considered when comparing these results to previous work. 
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The values attained in the present study were large as compared to previous studies (seconds versus 
milliseconds) that used TtB measures (e.g. Patton et al, 2000; Martin, 1990; van Wegan et al, 2002; 
Slobounov, et al, 1997; 1998). Differences in calculations include: 1) the use of functional boundaries to 
calculate TtB as opposed to geometric boundaries, 2) only using COP position and velocity information as 
opposed to including acceleration in the extrapolated time to boundary (Patten et al, 2000; Slobounov, et al, 
1997; 1998), and 3) using an average of the minima across the time series as opposed to using a single 
minimal point for the calculation (Patton et al, 2000; Martin, 1990). A recent study (Hertal & Olmsted-
Kramer, 2007) reported similar TtB values and used a similar method in calculating TtB as in the present 
study. The nature of the task is also likely to have a large impact on the TtB values. Short duration            
discrete tasks where the COP velocity is high will likely generate low TtB values, e.g. pulling a load task 
(Patten et al, 2000), and single platform displacements (Martin, 1990). TtB values in continuous leaning in 
a uni-direction task were also very small (van Wegan et al 2002). In the serial reaching task, the minima in 
the TtB data array were variable across the task and averaging these peaks contributed to higher values.  
 
Limitations in MARP and DP measurements 
 
One main finding was that there were no significant changes in MARP and DP with practice. As a 
result it was difficult to draw conclusions as to learning in the postural system from the movement level 
analysis. MARP and DP were adopted because the pilot work found differences in MARP values to 
different task constraints in discrete arm movements and it was hypothesized that movement strategy would 
be susceptible to modification with practice of a novel task. Chapter 5 of this dissertation discusses some of 
the limitations in applying MARP to a serial reaching task. There may have been additional limitations in 
the kinematic measurement of postural angle displacement in this study. For most participants very small 
ankle (< 10 degrees) and hip movements (< 20 degrees) were recorded. Very small movements may 
introduce error into angular measurement and then further the error with the calculations of angular 
velocity and relative phase. One possible solution for participants to regulate postural control with practice 
may be to dampen the overall movement response without changing the movement pattern. Conceivably, a 
reduction in angular displacement across practice may result in more measurement error. This would result 
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in less variability early (decreased DP values) and more variability late (increased DP values) in practice. 
Further analysis would be required to confirm pattern of movement variability. Bardy and colleagues found 
similar hip and ankle angular movement amplitudes in measuring postural coordination in visual tracking 
tasks (Bardy et al., 1999; Bardy et al., 2002; Fauglorie et al., 2006). Some of the differences in 
measurement of postural coordination were pointed out in Chapter 5. Since the use of relative phase 
measures to examine postural coordination has been limited, the interpretation and comparisons to other 
experiments needs to consider several of the following factors: 1) the nature of the task being evaluated 
(e.g. discrete, serial or continuous), 2) the kinematic measurement (e.g. segmental acceleration versus 
segment position), 3) angle references (e.g. anatomical reference angles versus horizontal axis referenced 
angles) and 4) relative phase measurement (e.g. MARP versus PRP).  
 
Individual variability 
 
There was a high degree of between participant variability in performance during this study.  This 
was reflected in the measures at each level of analysis. The previously discussed limitation in the 
measurements may have affected variability. However, as this was the first time postural performance was 
measured during a serial reaching task, there were several uncontrolled variables that may have contributed 
to the between subject variability. Some of these issues have been discussed in the earlier Chapters, 
including arm movement strategies, hand velocity and preferred standing body configuration. Future work 
would be required to determine how these variables impact postural performance in the context of the serial 
reaching task.  
Movement and neuromotor equivalences were anticipated in the proposal and some movement 
patterns and postural muscle activation patterns were categorized in the results. Limited conclusions could 
be drawn on how movement or neuromotor activation patterns impact performance or learning of a serial 
reaching task. Future studies with larger samples and a wider array of task and environmental constraints 
may allow for better analysis of the postural patterns in relationship to individual, environmental or task 
constraints in the serial reaching task. In the proposal (Chapter 1), individual differences in motor control 
and motor learning were suggested as a possible outcome (Button, 2006). This was evident in this study as 
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some participants learned the task better than others and some dramatically changed their postural 
movement and neuromotor strategies, while others did not. In Chapter 2 we discussed the potential to 
change a postural strategy with learning may be related to the strength or flexibility of the individuals 
preferred postural pattern (Fauglorie et al., 2006). Since individual differences in postural control or  motor 
learning may be lost in the group analyses, alternative analysis strategies such as individual coordination 
profiles might be warranted (Button, 2006). 
 
Implications for Rehabilitation 
 
 
The therapeutic interventions to restore balance during functional movements are limited by a 
small number of research studies, which have examined learning within the postural control system. The 
specific limitations in the available research that this dissertation addressed were 1) low amounts of 
practice, 2) tasks where the subjects predominately focused on maintaining balance (Horak et al, 1998, Ko 
et al , 2003)
 
or controlling postural segments (Faugloire et al, 2006), 3) short retention intervals, 4) large 
number of retention trials and 5) restricted examination of generalizability of improvements in postural 
control. By addressing these issues this study takes a step toward characterizing postural control during the 
acquisition of a serial reaching task and supports the concept that the postural system is skillful in the 
context of functional movements. If the postural control improves under more of a implicit learning 
mechanisms, than rehabilitation interventions should be design to support implicit learning of postural 
control during the practice functional movements.  
Demonstrating postural learning with retention and transfer testing in a variety of motor tasks will 
be an important extension of this research line that will benefit rehabilitation therapists. The knowledge 
gained may help to determine how specific postural control assessments and interventions are structured to 
improve balance in a variety of functional activities. If the postural control system is highly task specific, 
than postural system must be examine in a variety of tasks and practice may need to be specific for each 
type of task that postural control is limited. If the postural learning is more generalized, than it can be 
examine with a fewer tasks and practicing balance performance within a few types of tasks may generalize 
to performance across a wide variety of tasks.  
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Appendix B: Edinburgh Handedness Inventory 
 
 
 
 
Please indicate your preference in the use of your hands in the following activities by 
putting a + in the appropriate column. Where the preference is so strong that you would never try 
to use the other hand unless you were forced to, put ++. If in any case you are really indifferent 
put + in both columns.   
Some of the activities require both hands.  In these cases the party of the task, or object, 
for which hand preference is wanted is indicated in brackets. Please try to answer all the 
questions, and only leave a blank if you have no experience at all of the object or task. 
 
 
 
LEFT RIGHT 
1 Writing 
 
  
2 Drawing 
 
  
3 Throwing 
 
  
4 Scissors 
 
  
5 Toothbrush 
 
  
6 Knife (without fork) 
 
  
7 Spoon 
 
  
8 Broom (upper hand) 
 
  
9 Striking a Match (match) 
 
  
10 Opening box (lid) 
 
  
    
i What foot do you prefer to kick with? 
 
  
ii Which eye do you use when using only one? 
 
  
 
 
L.Q.  Leave this spaces blank  Decile  
 
Retyped from Oldfield, R.C. (1971) The assessment and analysis of handedness: The Edinburgh Inventory. 
Neuropsychologia, 9:97-113. 
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Calculation of Laterality Quotient (L.Q.) 
 
LQ =   100 *    Σ10i=1 X(i,R) - Σ
10
i=1 X(i,L) 
                         Σ10i=1 X(i,R) + Σ
10
i=1 X(i,L) 
 
X(i,R)  and X(i, L) are the number of + for the ith item in the right and left columns  
 
L.Q. Score will be between -100 to 100.  Negative scores will indicate left handedness and 
positive scores will indicate right handedness. 
 
Decile Values for Right handed individuals 
Decile L.Q. 
1 48 
2 60 
3 68 
4 74 
5 80 
6 84 
7 88 
8 92 
9 95 
10 100 
Decile Values for Left handed individuals 
Decile L.Q. 
1 -28 
2 -42 
3 -54 
4 -66 
5 -76 
6 -83 
7 -87 
8 -90 
9 -92 
10 -100 
Deciles from Oldfield (1971), where questionnaire was given to 394 males and 734 females. 
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